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Introduction 


The term ‘‘regeneration’’ is ordinarily used to indicate the formation 


anew of a part of an organism that has been lost. In this paper the term is 
applied to the initiation of buds and roots from isolated fieces of the horse- 
radish root. The growth of any plant axis, whether it be root or stem, may 
be separated into at least two phases: (1) The actual initiation of a growing 
point from a mass of meristematic tissue, and (2) the maintenance and sub- 
sequent development of this growing point. In the work reported here, no 
attempt was made to analyze the factors involved in the subsequent develop- 
ment of buds and roots after they were initiated. Reviews of the older 
literature on regeneration may be found elsewhere (9, 12, 15, 16). 

The horseradish, Cochlearia armoracia, is a convenient plant for a study 
of this type, because small isolated pieces of the root regenerate both buds 
and roots quite readily when placed in the proper environment. Further- 
more, these pieces are fairly resistant to invasion by microdrganisms. Pre- 
vious work (13) has shown that normally the initiation of buds and roots 
is confined to those regions of the root where a lateral root has been broken 
off. Both buds and roots apparently arise from identically the same region. 
It has also been shown that the application of relatively high concentrations 
of indoleacetie and naphthyleneacetic acids inhibits the development of buds 
and stimulates the development of roots. The purpose of this paper is to 
elucidate some of the factors involved in the initiation of buds and roots, 
with particular emphasis on bud initiation. 


Methods 


Horseradish roots were obtained from a market in Chicago and stored at 
2°-4° C. until used. If the humidity of the storage room is kept high 


1 Contributions from the Hull Botanical Laboratory no. 513 
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enough to prevent excessive desiccation, the roots may be stored for months 
at this temperature without apparent detrimental results. Roots of approxi 
mately the same diameter (20-28 mm.) were used to insure more uniform 
test material. When a root was prepared for use, the upper and lower por 
tions were discarded, leaving the central portion for experimental. purposes 
(fig.1). Adhering dirt was removed by scrubbing with a stiff-bristled brush 





Fie. 1. Stages in preparation of horseradish root: (1) dormant root; (2) after 
trimming and washing; (3) after removal of test pieces. The ends of the root traces are 
visible as small elevations on the surface of the root. 


while washing thoroughly with water. Care was taken to prevent injury to 
the root during this process. With a short cork-borer, a small piece of root 
was removed containing a root trace and its surrounding tissue. The piece 
was removed from the cork-borer by pressing on the end opposite the peri- 
derm with a glass rod (fig. 2A). A short cork-borer is advantageous in this 
procedure ; the one used in most of the work was 6 mm. in diameter and 30 
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mm. long. After removal from the cork-borer, a test piece of the desired 
length (usually either 1 mm. or 3 mm.) was cut with a sharp razor, and the 
remaining tissue discarded. Ten such test pieces were placed with cut ends 
down on clean moist sand in a Petri dish (fig. 2B) and kept in the dark at 





Fic. 2. Preparation of test pieces. A: piece on left as removed from cork-borer; 
piece on right trimmed to 3 mm, test piece (x2). B: test pieces on moist sand in Petri 
dish. The ends of the root traces are visible as small elevations on the surface of the 


pieces (natural size). 


25° to 26° C. in an electric oven. The sand used in this work was washed 
successively with concentrated hydrochloric acid, tap water, and distilled 
water ; it was then dried before use. About 23 ml. of dry sand were added 
to each Petri dish—an amount just sufficient to take up by ecapillarity 10 
ml. of distilled water (or the solution to be tested). Under these conditions 
buds and roots first appear in about six days, and by nine days the maximum 
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number is formed. Observations were usually made after ten days with the 
aid of a dissecting microscope (fig. 3). 





Fig. 3. Regeneration of test pieces. A: test piece at time of preparation. B: 
normal regeneration from test piece 3 mm. in length showing 2 roots and 3 buds. C: test 
piece treated with a 1 per cent. lanolin mixture of naphthyleneacetie acid showing forma- 
tion of numerous roots (x 15). 
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Since a bud or root is discernible at the surface of the test piece as soon 
as it becomes organized, the number of buds and roots formed may be used 
as a quantitative measure of regeneration. The number produced per ten 
test pieces was chosen as a standard measure, each Petri dish thus consti- 
tuting a sample. Five replications or more were used, giving a population 
of at least fifty test pieces for any single determination. No attention was 
given to the relative size or vigor of an individual bud or root since only the 
factors involved in their initiation were being considered. The results re- 
ported in this paper were obtained from over 15,000 test pieces 

A major criticism of the method used was the lack of control of micro- 
organisms. Most of the test pieces were able to resist invasion, however, if 
they were not damaged severely by the experimental treatment. Since the 
irregular surface of the piece made sterilization almost impossible, it was 
thought better to use a larger number of test pieces rather than introduce 
other variables in trying to obtain sterile cultures. Another problem was 
the introduction of chemical impurities in the sand which might affect the 
growth responses of the pieces. Such possible effects were minimized by 
thoroughly washing the sand with acid and water before use. No satisfae- 
tory substitute for sand was found that afforded adequate aeration and a 
good water supply. An additional problem was the past history of the 
material tested. If one were to grow the horseradishes under controlled 
conditions, take special precautions to see that they receive no injuries, and 
then rigorously select the roots, more uniform material would be obtained. 
Such a procedure is not feasible, and thus the best alternative appears to 
be the selection of roots of about the same size and the use of only those root 
traces that appear to be comparable. At any rate, it is not the actual num- 
ber of buds and roots produced in any one test that is significant; it is the 
general trend of an experiment which results from a large total number of 


tests. 
TABLE I 
RELATION OF AREA OF TEST PIECE TO AMOUNT OF REGENERATION 
DIAMETER AVERAGE NUMBER OF ROOTS AVERAGE NUMBER OF BUDS 

“ee PER TEN PIECES PER TEN PIECES 
mm, 

3 | 16 + 2* 33 +2* 

6 | 19 2 32 2 

9 iz’ 3 Ss 2 
12 39 3 70 4 
15 a 37 8 67 4 


* Standard deviation expressed to nearest whole number. 
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Experimentation 


As a preliminary experiment, it was essential to determine the effect of 
the diameter of the test piece on initiation of buds and roots. Pieces 3 mm. 
long, varying in diameter from 3 mm. to 16 mm., were tested in the dark at 
25° C. Owing to the distribution of the root traces in the root, only one root 
trace was included per test piece in pieces up to 9 mm. in diameter; above 
9 mm. two root traces had to be included. The results, shown in table J, 
tend to indicate that only the root traces are important in bud and root 
initiation. For convenience in handling, the 6-mm. piece was chosen as the 
standard piece. 





Fic. 4. Tissues associated with test piece. A: cross section of root 10 mm. in 
diameter showing longitudinal section of root trace. Diagram of test pieces imposed and 
drawn to scale as if the root were 24 mm. in diameter; ca, cambium (x15). B: tan- 
gential section through phloem portion of root showing cross section of root trace; ¢a, 
cambium; se, stone cell (x 150). 

















LINDNER: REGENERATION OF THE HORSERADISH ROOT 167 


It was also necessary to know the relation of length of test piece to 
amount of regeneration. Pieces 6 mm. in diameter, but of lengths varying 
from 1 to 12 mm., were tested in the dark at 25° C. Figure 4 shows the 
tissues involved in these tests and the results are shown in figure 5. Al- 
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Fie. 5. Relation of length of test piece to amount of regeneration. 





though the inner tissues apparently have no effect on the number of roots 
initiated, they do have a marked effect on the number of buds initiated. 

Further evidence concerning the importance of the root trace for bud 
initiation was obtained by the following experiment. Pieces 6 mm. in diam- 
eter and 8 mm. long were used, and the root trace was severed by cutting 
a deep notch 1 mm. from the periderm. Others were ringed in the same 
place in order to sever nearly all tissue except the root trace. In all cases 
where the root trace was cut, the amount of regeneration corresponded to 
that of a piece 1 mm. long. On the other hand, when a root trace was left 
intact, the amount of regeneration corresponded to that of a piece 8 mm. 
long. In another experiment, pieces of various sizes were taken from parts 
of the root in which there were no root traces and tested in the dark at 25° C. 
In no ease was there initiation of either roots or buds. 

The question arose as to whether an inner portion of the test piece would 
initiate buds and roots if it were separated from the outer portion contain- 
ing the periderm. Standard pieces 6 mm. in diameter and 8 mm. long were 
used; the outer 1 mm. consisting of periderm and outer phloem was dis- 
carded. In some cases the tissue produced a root or bud, more frequently 
a bud. If the outer 2-mm. piece was discarded, only buds were initiated, 
and these very rarely. These results seem to indicate that there is some 
factor, or factors, for both root and bud initiation in the outer 1 or 2 mm. 
of tissue. 

It appears, therefore, that root and bud initiation are confined to the root 


trace. Only the outer tissues seem to be necessary for root initiation; for 
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maximum bud initiation, however, both inner and outer tissues seem to be 
necessary. Hereafter, for the sake of simplicity, the influence of the inner 
tissues in the stimulation of bud initiation will be referred to as the ‘‘bud 
factor.’’ Furthermore, the term 
include any agent (physical, chemical, or otherwise) that produces an effect, 
and will not necessarily imply that a chemical entity is involved. 

After the ‘‘bud factor’’ was shown to be confined to the root trace, it 


ee 


factor’’ will be used in a broad sense to 


became desirable to know something about the rate of movement. Standard 
pieces 6 mm. long were divided into ten different lots. From one lot each 
day, the outer 1 mm. of tissue was removed from the pieces, and the inner 
5 mm. were discarded. Observations were made on the fifteenth day. The 
results shown in figure 6 indicate that there is very litthe movement of the 
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Date of Isolation of Terminal mi. 
Fic. 6. Relation of time of isolation of 1 mm. test piece to amount of regeneration. 
The abscissa indicates time of isolation in days after beginning of experiment. 


‘‘bud faetor’’ during the first four days of the experiment. Between the 
fifth and seventh days, however, there is a rather sudden movement. There 
are several ways of explaining these results. We may assume the ‘‘bud 
factor’’ to be present in the intact root, but we must then conclude that it 
does not move toward the periderm until at least four days after isolation 
of the test piece. On the other hand, the ‘‘bud factor’’ may not be present 
in the intact root and may be formed only about four days after isolation 
of the test piece. Another possibility is that the inner tissues merely act as 
a reservoir for the accumulation of bud inhibitors that are present in the 
outer tissues. These inhibitors may not move inward until after four days. 

Since the ‘‘bud factor’’ has been shown to be transported along the root 
trace, some information regarding the diffusibility of this stimulus was 
sought. Standard test pieces 8 mm. long were used and the outer 1 mm. 
was removed with a clean, sharp razor. In some cases the two resulting 


pieces were immediately pressed tightly together, while in others a layer of 
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gelatin, agar, lanolin, or lens paper was placed between them. In every 
case the 1-mm. piece acted like an isolated 1-mm. piece. Apparently there 
was no diffusion of the ‘‘bud factor’’ across the break in continuity. These 
experiments were duplicated by attaching to the 1-mm. test piece a piece of 
inner tissue 7 mm. in length which had been killed with ether vapor (ether 
removed by aeration for six hours before pieces were used). In every case 
the 1-mm. test piece was killed, probably by the mustard oil or by other 
decomposition products of the dead tissue. There remained the possibility 
that if the ‘‘bud factor’’ were not present when the test piece was first iso- 
lated, it might not form unless it was under the influence of the developing 
primordia in the 1-mm. test piece. To test this possibility, the above experi- 
ments were duplicated, using test pieces that were severed 1, 2, 3, and 4 
days after isolation. The same results were obtained, however, and in no 
case was there any evidence of bud stimulation. Thus one may conclude 
that the ‘‘bud factor’’ requires intact cells for its transfer. 

Previous work has shown that when the horseradish root is cut into trans- 
verse segments about 4 cm. long, the development of buds and roots oceurs 
in a polar manner; i.¢., buds develop at the morphological upper ends of 
the segments and roots at the morphological lower ends, regardless of the 
orientation of the segments during the period of regeneration (13). These 
observations were limited to gross development of both buds and roots and 
were not concerned with the actual initiation of growing points. Since there 
is this polarity in development, there might also be a polarity in the distri- 
bution of factors responsible for initiation. To test this possibility, trans- 
verse segments of the root, about 6 em. long, were placed in a moist chamber 
on moist sand and maintained in the dark at 25° C. For nine successive days, 
standard test pieces, 6 mm. in diameter and 3 mm. in length, were removed 
from the tops and bottoms of these segments. Observations were made on 




















the twelfth day. The results are shown in figure 7. The intact root appar- 
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ently possesses no polarity in the distribution of the factors for bud and root 
initiation. The gradual increase in the number of roots and decrease in the 
number of buds, from the test pieces removed from the lower portions of the 
root segments, could be interpreted on the basis of the gradual accumulation 
in this region of some factor that stimulated root initiation and inhibited 
bud initiation. This factor might consist of the native auxins. 

A partial analysis of the internal environment affecting bud and root 
initiation has shown that the inner tissues of the root trace stimulate bud 
initiation. This ‘‘bud factor’’ is transported along the root trace, is not 
diffusible, and is not polarly distributed. There are indications that it may 
be inactivated by one of the factors controlling root initiation. 

Some of the relationships of the external environment to regeneration 
were next investigated. In order to determine the effects of variations in 
temperature, standard test pieces 6 mm. in diameter and 3 mm. in length 
were kept at various temperatures in the dark. Observations were made at 
the end of ten days. The results are shown in figure 8. The optimum 
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Fie. 8. Effect of temperature on bud and root initiation. 


temperature for both root and bud initiation is about 26° C. Between 15° 
C. and 25° C. the Q,» for bud initiation is 2.8, while that for root initiation 
is 1.6. This may indicate that the limiting process in bud initiation is a 
chemical reaction, while that for root initiation is a physical one. 
Additional information concerning temperature effects was obtained 
through the following experiment. Ten groups of test pieces were placed 
at 20° C. and 25° C. respectively. On each day, for a period of 10 days, 
a group was changed from 20° to 25° C. and another group from 25° to 
20° C. Observations were made at the end of 12 days. The results are 
shown in figure 9. They indicate that temperature affects the initiation of 
buds and roots only at a particular stage in their development ; 7.e., between 
the sixth and eighth days after isolation. Previous work (13) has shown 
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Date of Transfer 
Fia. 9. Relation between time of temperature change and the initiation of buds and 


roots. The abscissa indicates time of transfer in days after beginning of experiment. 


that this is the time when the meristematic regions are just beginning to 
organize into either buds or roots. It would appear, therefore, that tem- 
perature does not play an important role in the initial cell divisions, but is 
more effective in limiting the actual organizational processes. 

A careful analysis of the effects of light on bud and root initiation was 
not attempted. <A few experiments seemed to indicate that light stimulated 
bud production and inhibited root production. More exact experiments 
are necessary, however, to distinguish between the effects of light and the 
effects of temperature. To overcome any effects that light might have, all 
tests were made in the dark. 

It was desirable to determine what effect the hydrogen-ion concentration 
of the medium around the test pieces would have on bud and root initiation. 
In these experiments, McILvAINe’s standard buffer solutions (ranging from 
pH 2.2 to 8.0) were used instead of distilled water to moisten the sand in 
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Fie. 10. Effect of hydrogen ion concentration on initiation of buds and roots. 
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the Petri dishes. These solutions (4), consisting of citric acid and potassium 
mono-hydrogen phosphate, are convenient to use because a wide range of pH 
may be obtained by varying the proportions of the two constituents. In 
every case the concentrations of the solutions were diluted one-tenth in order 
to prevent injury of the test pieces by high concentrations of salts. The 
hydrogen-ion concentration of the resulting solutions was checked with a 
quinhydrone electrode. No attempt was made to control the hydrogen-ion 
concentration of the tissue of the test pieces, and no determinations of tissue 
pH were made. The effects of these solutions on standard test pieces 3 mm. 
in length are shown in figure 10. Apparently the pH of the medium has 
little influence on the initiation of either buds or roots. This may be 
caused, in part, by a high buffer capacity of the tissue of the test piece. In 
the more acid solutions, there was a slight increase in number of roots and 
a slight decrease in number of buds. This could be accounted for most 
easily on the basis of an activation of native auxins by the acid (2). 

After the method had been sufficiently standardized, it became of interest 
to determine the effect of specific chemical compounds on the initiation of 
buds and roots. In previous work, indoleacetic and naphthyleneacetic 
acids, in relatively high concentrations, were shown to be very effective in 
inhibiting the development of buds and in stimulating the development of 
roots (13). It was thus advisable to analyze further the effects of these 
compounds. Standard test pieces 3 mm. in length were treated with aqueous 
solutions of indoleacetic acid or naphthyleneacetic acid ranging im concen- 
trations from 5.4x10* M to 5.410% M. Ten ml. of these solutions were 
added to the sand in Petri dishes. Since there were ten test pieces per dish, 
each piece had a maximum volume of 1 ml. of solution at its disposal, al- 
though only a small portion of this amount was probably absorbed. Lanolin 
mixtures of each of these substances were also applied to the cut surfaces of 
test pieces in concentrations ranging from 5.4 x 10° M to5.4x10% M. These 
two different means of application gave essentially the same results. The 
effects of aqueous solutions of naphthyleneacetic acid are shown in figure 11. 
In the higher concentrations there is apparently a stimulation of root initia- 
tion and an inhibition of bud initiation (figure 3). No evidence was ob- 
tained for bud stimulation at any concentration over the wide range em- 
ployed. The lower concentrations of naphthyleneacetic acid are more 
effective in bud inhibition than they are in root stimulation. Indoleacetic 
acid did not prove very effective, presumably because it was inactivated. 
The inactivation may have been caused by oxidizing enzymes from the test 
pieces, microorganisms, inorganic constituents of the sand, or a combination 
of these factors. At any rate, the ‘‘bud factor’’ appears to have no direct 
relation to the auxins; but it may be inactivated by them, or at least ineffec- 
tive in their presence. 
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Fie.11. The relationship of aqueous solutions of naphthyleneacetic acid to the initia- 
tion of buds and roots. The abscissa indicates the concentration in grams per liter. C, 
control. 


When small isolated pieces of various tissues of the root (xylem only, 
phloem only, periderm plus phloem, ete.) were treated with relatively high 
concentrations of naphthyleneacetic acid, roots were initiated from all of 
the tissues. The main cambial region and the region of the phellogen were 
the most active in this respect. Root traces were not included in any of 
these pieces. 

A number of standard test pieces, 3 mm. in length, were divided into 
twelve lots. Each day, for 12 days, a different lot was treated with a 1 per 
cent. lanolin mixture of naphthyleneacetic acid. Each lot thus received 
but one application. Observations were made after 20 days. The results 
are shown in figure 12. Apparently the number of roots initiated is about 
the same regardless of the time of application of naphthyleneacetie acid. 
The number of buds, however, is most affected if the treatment is made dur- 
ing the first four days after isolation. The application of naphthyleneacetie 
acid after this time was apparently too late to inhibit the initiation. This 
period between 5 and 7 days is the time when meristematic areas are just 
beginning to organize into either a bud or a root. Thus after a bud is once 
organized, it will not change over into a root although root initials may 
develop at the base of the bud. Gross observations of buds from pieces 
treated 6 days and more after isolation substantiate this conclusion (compare 
the results of the experiment shown in figure 7 in this regard). Between 
the fifth and eighth days, in this experiment, there was a maximum decrease 
in the number of buds on the test pieces isolated from the lower portions of 
the segments. This might indicate that the native auxins (or other bud 
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Fig. 12. The relation of time of application of a 1 per cent. lanolin mixture of 
naphthyleneacetic acid to the initiation of buds and roots. The abscissa indicates time 
of treatment in days after start of experiment. C, control. 


inhibitors) do not start to accumulate in the lower regions of transverse 
segments of the root until about 4 days after isolation. 

In the experiments reported in table I and in figures 5, 6, 10, and 11, the 
maximum number of buds formed per ten test pieces, 6 mm. in diameter and 
3 mm. in length, is near 32; while for the experiments reported in figures 7, 
8, 9, and 12, the maximum number is near 46. This is attributable to the 
fact that horseradish roots from different sources were used for these two 
different groups of experiments. The higher maximum was obtained on 
test pieces from roots purchased in the fall; the lower maximum was ob- 
tained on test pieces from roots purchased in the winter. Thus it is shown, 
in an indirect fashion, that the past history of the root is an important 
factor in determining the amount of regeneration. 

After some of the effects of auxin-like compounds had been ascertained, 
the effects of other pure substances were determined. A number of inor- 
ganic and organic compounds were applied over a wide range of concentra- 
tions as aqueous solutions to the sand in the Petri dishes. Standard 1-mm. 
or 3-mm. test pieces were used in testing these substances at 25° C. in the 
dark. The following is a list of the materials tried: 

Ammonium sulphate Calcium nitrate 

Ascorbie acid Chloral hydrate 

Calcium chloride Citrie acid 
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Cuprie sulphate Pangestin 

Dioxane Papain 

Eosin Potassium chloride 
Ethy! alcohol Potassium cyanide 
Ethylene Potassium di-hydrogen phosphate 
Ethylene chlorohydrin Potassium nitrate 

Ferric sulphate Potassium permanganate 
Ferrous sulphate Saliva 

Formaldehyde Sodium taurocholate 
Glycine Theelin 

Hematoxylin Theelol 

Hydrogen peroxide Thiourea 

Tnositol Tyrosine 

Magnesium sulphate Urea 

Maleie acid Urine 

Manganous sulphate Vitamin B, (thiamin) 
Methyl] amine Vitamin B, 

Methylene blue Yeast extract (aqueous) 
Nicotinic acid Zine sulphate 


In general, high concentrations were toxic, but other than this, no marked 
effects were produced. Thus it is probable that none of these substances 
alone limited the initiating processes. 

Preliminary extracts from various tissues of the horseradish root have 
given some indication of being capable of stimulating bud initiation. These 
extracts were tested on standard 1-mm. pieces and at least four different 
concentrations of each extract were used; the highest concentration was 
usually toxic. The following is an outline of the extracts tried: 


I. Inner tissues 
1. Ether extract 
2. Cell sap 
II. Outer and inner tissues 
1. Water extract 
2. Fraction of water extract soluble in 70 per cent. aleohol 
3. Fraction of water extract insoluble in 70 per cent. aleohol 
III. Inner tissues from roots allowed to regenerate 6 days 
1. Ether extract 
2. Water extraci 
3. Cell sap 
4. Water diffusate 
5. Water extract® following previous ether and water extracts 


2 These extracts stimulated bud initiation at least 300 per cent. 
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6. Cell sap from frozen tissue 
a. Soluble fraction not passing through collodion membrane 
b. Insoluble fraction not passing through collodion membrane 
IV. Outer tissues from roots allowed to regenerate 6 days 
1. Ether extract 
2. Water extract* following previous ether extract 
3. Cell sap from frozen tissue 
a. Soluble fraction not passing through collodion membrane 
b. Insoluble fraction not passing through collodion membrane 
V. Outer and inner tissues from roots allowed to regenerate 6 days 
1. Water extract 
2. Fraction of water extract soluble in 70 per cent. alcohol 
3. Fraction of water extract insoluble in 70 per cent. alcohol 


One encounters many difficulties in trying to obtain active extracts since 
there may be many different types of inhibitors present, and inactivation of 
an extract may take place for many reasons. The results, however, indicate 
that the ‘‘bud factor’’ is a chemical entity. This may be more apparent than 
real since the extracts may be effective by destroying bud inhibitors (such 
as the auxins) and may be entirely independent of the ‘‘bud faetor.’’ Fur- 
ther work of this type is now in progress. 


Discussion 


From the experiments reported here, it is apparent that the various 
tissues of the horseradish root possess different capacities for influencing 
the regeneration processes. Buds and roots are initiated only in association 
with a lateral root trace. The outer portions of the root trace appear to be 
responsible for root initiation; for maximum bud initiation, however, both 
the inner and outer portions are necessary. PriesTLEY and Swineie (15) 
review some work on sea kale in this regard. The xylem tissues of the root 
of this plant, when isolated, produce buds from any of the cut surfaces, but 
do not form roots. The extra-cambial tissue, on the other hand, produces 
roots, but no buds. Thus these two species of plants are similar in that the 
inner tissues contain factors for bud initiation, and the outer tissues, factors 
for root initiation. They differ in that the horseradish regenerates only in 
association with a root trace, while any of the tissues of the sea kale root 
may regenerate. Furthermore, the horseradish requires factors that are 
present in the outer tissues of a root trace for maximum bud initiation. 

The analysis of polarity phenomena in the horseradish indicates that in 
the dormant root there is no polar distribution of factors that cause either 
root or bud initiation. If the root is placed in an environment favorable for 


regeneration, however, the factors causing root initiation seem to become 
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polarly distributed. The factors associated with bud initiation also appar- 
ently become polarly distributed ; this might be interpreted as caused by the 
inactivation of bud-initiating factors in the lower portions of the root or its 
isolated segments. ScHwanitz (18) has done some work on this subject. 
He reports that intact rhizomes of Lathyrus pratensis and Agropyrum 
repens show a marked polar development of buds when allowed to regen- 
erate. If the rhizomes are cut into transverse segments at the beginning 
of the experiment, each piece produces as many buds as any other piece. 
If severed on successive days, a gradual establishment of polarity is shown 
by the differential amount of bud development of the transverse segments. 
Further evidence has been accumulated by Jones (11), who reports that 
when segments of sea kale roots 5 to 10 em. in length are centrifuged at least 
3 days (1000 r.p.m.) with the apex of the segments away from the center, 
buds are usually produced from the base of the segments as well as at the 
apex. If segments are centrifuged with the base away from the center, 
however, they regenerate in a normal manner, #.e., buds at apex and roots at 
base. This might mean that certain bud-inhibiting substances (such as 
auxins) are not subject to polar distribution when under the influence of an 
opposing centrifugal force, and thus their diffuse distribution allows buds 
to form from the basal ends of the segments. JONEs also reports that seg- 
ments of sea kale roots, 2 mm. or less in length, produced buds on both ends, 
while longer segments produced buds only on the upper end. This might 
indicate that the longer segments have more bud inhibitors than the shorter. 
SroucuTon and PLantr (20), using segments of sea kale roots 7 em. in length, 
cut off 1 mm. of tissue from the base and apex every 5 days for a period of 
8 weeks. They obtained buds on both ends of 25 per cent. of the segments. 
This work would indicate that bud-inhibiting substances were removed when 
the end tissues were removed. FiscHnicu (6) was able to produce buds 
from callus at the basal end of poplar cuttings, that would ordinarily have 
produced roots, by ringing the cutting above the callus. The ringing sup- 
posedly prevented the accumulation of auxins in the basal callus. 

In the horseradish, temperature has more effect on bud initiation than on 
root initiation. Other workers have reported similar results in regard to 
the relation of temperature to bud growth. CLARK (3) has shown that the 
decapitated hypocotyls of seedling tomato plants do not form buds from the 
cut surface unless the temperature is above 20° C. Srvon (19) reported 
that the development of buds from the callus of poplar cuttings was better 
at 32° C. than it was at 26° C. <A temperature of 18° C. resulted in the 
formation of very little callus and inhibited the development of buds. JoNrFs 
(11) found that a local increase of temperature as little as 2° C. induced the 


formation of buds on the lower ends of sea kale seements where roots ordi- 
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narily would have developed. Temperature is thus an important factor in 
bud initiation. 

The hydrogen-ion concentration of the medium had little effect on bud 
and root initiation in the horseradish. Jones (11) reports similar results 
for sea kale. BONNER’s analysis (2) of the effects of hydrogen ions on the 
Avena coleoptile shows that the effects of acids are produced through the 
activation of auxins. Rrenm’s results (17) are a little difficult to under- 
stand in this regard. When he floated leaf fragments of Cardamine pra- 
tensis on a solution of KH,PO,, buds were produced in 3 days and roots in 
5 days. When the leaf fragments were floated on K,HPO,, however, roots 
were formed in 3 days, but buds were not formed until after 14 days. 

In the horseradish, the application of naphthyleneacetic acid over a wide 
range of concentrations inhibits the initiation of buds and stimulates the 
initiation of roots. StToucHTon and PuLantr (20) obtained similar results 
with sea kale roots by using relatively high concentrations of indoleacetic 
acid. Went (24) also reports similar results with the roots of Oenothera 
macrosiphon. Thus it seems that, in certain plants at least, the initiation 
of buds from roots is inhibited by auxin-like compounds, while the initiation 
of roots is stimulated. The effects of these compounds on bud initiation 
from stems, however, are not so consistent. LivK and Eagers (14) report 
inhibition of bud initiation from decapitated flax hypocotyls by application 
of relatively high concentrations of indoleacetic acid. On the other hand, 
GREENLEAF (8) reports a stimulation of bud initiation from the eallus of 
decapitated tobacco plants through the use of a 1 per cent. indoleacetie acid 
mixture in lanolin. Likewise, GoupBera (7) reports similar results for 
cabbage seedlings. Brau (1) obtained axillary buds by treating decapitated 
stems of Lilium harrisvi with relatively high concentrations of indoleacetic 
acid. <A closely related species, L. longiflorum, produced only roots in 
response to the treatment. Howarp (10) reports that decapitated kale 
plants produce both buds and roots when treated with indoleacetie acid, 
but the buds are formed later than the roots—presumably after the supply 
of indoleacetice acid is exhausted. The work of Cooper (5), Stuarr (21), 
and WENT (23) on the mobilizing action of auxin-like compounds may lead 
the way to a solution of these problems in the future. 


Ascorbic acid, thiamin, ethylene, and other ‘‘active’’ 


compounds are 
not effective in stimulating the initiation of either buds or roots in the horse- 
radish. Extracts, however, indicate that the ‘‘bud factor’’ is a chemical 
entity. <A factor affecting the development of buds has been reported by 
WEnT (22). It is probably formed in the roots, requires intact cells for its 
transfer, and functions in bud elongation in collaboration with auxin. WeEnt 
has named this factor ‘‘cauloealine.’’ Whether this factor is involved in 


bud initiation is not known. 














LINDNER: REGENERATION OF THE HORSERADISH ROOT 179 


Summary 


1. A method of analyzing some of the factors associated with root and 
bud initiation, by the use of small isolated pieces of the horseradish root, 
is outlined. The results from more than 15,000 test pieces are reported. 

2. The various tissues of the horseradish root apparently possess different 
capacities for influencing the regeneration processes. Root and bud initia- 
tion are confined to the lateral root traces. The outer tissues of the root 
trace are apparently responsible for root initiation ; for maximum bud initia- 
tion, both outer and inner tissues are necessary. 

3. The factor (or factors) in the inner tissues that stimulates bud initia- 
tion moves only along the root trace, and requires intact cells for its transfer. 

4. The dormant root of the horseradish does not possess a polar distri- 
bution of either root or bud initiation factors. A polarity in root initiation 
is established only after the root is placed in a favorable environment for 
regeneration. An apparent polarity in bud initiation is established at the 
same time. 

5. Variations in temperature have more effect on bud initiation than on 
root initiation. Between 15° C. and 25° C. the Q,. for bud initiation is 
about 2.8; that for root initiation is about 1.6. The optimum temperature 
for both bud and root initiation is about 26° C. Temperature produces its 
greatest »ffect just at the time the meristematic regions are organizing into 
buds or roots. 

6. The hydrogen-ion concentration of the medium has little effect on 
either root or bud initiation. 

7. Naphthyleneacetic acid, over a wide range of concentrations, inhibits 
bud initiation and stimulates root initiation. At no concentration is there 
any evidence of the stimulation of bud initiation. Indoleacetic acid was not 
very effective, presumably because it was inactivated. Relatively high con- 
centrations of these substances are capable of inducing root initiation from 
isolated pieces of any living tissue of the root. 

8. Numerous organic and inorganic compounds, including various vita- 
mins and other ‘‘active’’ substances, had little effect on either root or bud 
initiation. 

9. Tests with extracts of various parts of the horseradish root indicate 
that one of the factors present in the inner tissues that stimulates bud initia- 
tion is a chemical entity. 


The writer is indebted to members of the Department of Botany of the 
University of Chicago for helpful suggestions made during the course of 
this study. 


THE UNIVERSITY OF CHICAGO 
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THE ABSORPTION OF CARBON DIOXIDE BY UNILLUMINATED 
LEAVES 


James H.C. SMITH 


(WITH ELEVEN FIGURES ) 


Introduction 


In the process of photosynthesis as carried out by the higher plants, the 
leaf absorbs carbon dioxide from the air and transforms it into organic 
matter. This assimilation of carbon dioxide is accomplished through a 
number of intermediate steps and any complete analysis of the mechanism 
of this process requires that the carbon be traced through these consecutive 
steps. Obviously the first step is the absorption of carbon dioxide from the 
air, 

The critical experiments of BLACKMAN (4) demonstrated that the carbon 
dioxide of the air enters the leaf through the stomata. At first this view 
was difficult to accept because it seemed impossible that the volume of carbon 
dioxide necessary to maintain active photosynthesis could diffuse through 
such a small area. The stomatal area in the sunflower leaf is only 3.75 per 
eent. of the total. 

This difficulty was removed, however, when Brown and Escomse (5, 6) 
showed that the diffusion of a gas through a perforated septum is almost 
unobstructed if the apertures have the proper dimensions and distribution. 
Examination showed that the required conditions are fulfilled by the stomata 
of the sunflower leaf, and that the amount of carbon dioxide necessary to 
maintain the maximum rate of photosynthesis so far observed can easily 
diffuse into the leaf provided ‘‘the interior of the leaf were a perfect ‘sink’ 
of atmospheric carbon dioxide.’’ These small openings have the power of 
“drinking in atmospheric carbon dioxide’’ about fifty times faster than 
apertures of like dimensions filled with ‘‘a constantly renewed solution of 
alkali hydroxide.’’ 

This exceptional ability to ‘‘drink in’’ carbon dioxide led WILLSTATTER 
and STouu (33a) to search for the carbon dioxide absorptive agent in leaves. 
Their researches (33b) showed that some leaves, particularly sunflower and 
nettle leaves, even when unilluminated, absorb reversibly considerable quan- 
tities of carbon dioxide. This absorption is not a function of the life pro- 
cess of the leaves. Probably the green pigments of the leaf have nothing 
to do with this reaction because yellow varieties of certain species absorb 
carbon dioxide as well as the green varieties. WILLSTATTER and STOLL 
(33c) isolated no substances from leaves which could account for the carbon 
dioxide combining capacity. They suggested that alkali and alkaline earth 
bicarbonates, especially magnesium bicarbonate, might be the source of the 
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reversible absorption. They were more inclined to the view, however, that 
the chief absorptive agents are the amino compounds which react to form 
carbamino acids. 

WILLSTATTER and Stott (33d) also measured the absorption of carbon 
dioxide by chlorophyll both in true solution and in colloidal suspension 
From these measurements they concluded that chlorophyll, molecularly dis- 
persed in alcohol, absorbed no carbon dioxide but that when colloidally dis- 
persed in water it absorbed reversibly a small but definite quantity of this 
gas in addition to that absorbed by the magnesium which was split from the 
pigment as magnesium bicarbonate. They performed experiments to deter- 
mine whether the carbon dioxide absorbed by the chlorophyll could be re- 
duced to formaldehyde with the simultaneous production of a peroxide 
(33e). In every case the results were negative and the conclusion was 
reached that the illumination of chlorophyll in an atmosphere of carbon 
dioxide was not sufficient of itself to produce photosynthesis (33f). 

In view of the importance of carbon dioxide absorption to photosynthesis 
and the fact that the active agent for the absorption of carbon dioxide by 
leaves had not been identified, Spozur and McGee (24, 25, 26) undertook 
to establish the nature of the absorbing substance in leaves. Their experi- 
ments demonstrated that dried leaf material absorbed carbon dioxide; that 
the chlorophyll could be extracted with acetone without affecting the absorp- 
tion; that an absorbing agent could be extracted from dried sunflower leaves 
by means of water saturated with ether; and, that the dissolved material 
maintained quantitatively the absorption capacity removed from the leaf 
material. Because of the removal of the absorptive material from leaves 
by the CHIBNALL-ScHRYVER method for protein extraction (water saturated 
with ether) SporHR and McGee were inclined to the view that a protein- 
aceous substance was responsible for this absorption through the earbamino 
reaction. 

Further investigations by Sporur and Newton (27, 28) established that 
the absorptive material could be precipitated from the water extract of sun- 
flower leaves by the addition of aleohol, and that this material was diffusible 
through an animal membrane. This material did not contain enough 
amino-nitrogen or total nitrogen to account for the absorption of carbon 
dioxide in equivalent molecular proportions. Consequently the hypothesis 
of the carbamino reaction as the source of the absorption was no longer ten 
able. These experiments also showed that ‘“‘the larger part of the absorp- 
tion of carbon dioxide by dried leaf material and the aleoholie precipitates 
obtained therefrom could be ascribed to bicarbonate formation.”’ 


Comparison showed that the leaves from sunflower and nettle possessed 
the highest carbon dioxide absorptive capacity of all the leaves studied. 
In fact dried leaf material from spinach, hydrangea, turnip, alfalfa, rhu- 
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barb, and grass absorbed very little more carbon dioxide than could be 
accounted for by the water added. The final conclusion of Spornr and 
NEWTON was that possibly all leaves possess an absorptive capacity for ear- 
bon dioxide but that certainly for many it is very small. 

Later SporenrR (23) pointed out that special experiments would be re- 
quired to demonstrate whether or not this absorption had any connection 
with the photosynthetic process, but that it is suggestive that both sunflower 
and nettle leaves possess high absorptive capacity for carbon dioxide and 
high photosynthetic activity. 

In spite of the attempts made to establish the chemical system whereby 
earbon dioxide is absorbed by certain leaves, no definite knowledge of the 
constituents responsible for this reaction had been gained; nor had it been 
determined whether this reaction was in any way related to the photosyn- 
thetic process. Because of the importance of these questions, both explicit 
and implied, renewed attempts have been made to analyze the process 
whereby carbon dioxide is absorbed by the unilluminated leaf (29). For 
this purpose the carbon dioxide absorptive capacity of living and killed 
leaves, of chlorophyllous and nonchlorophyllous leaves, and of petals, roots, 
and leaves have been compared. The absorption of carbon dioxide by frac- 
tions (differing in solubility) from the sunflower leaves and by the chemical 
substances obtained therefrom has also been measured. 

From these measurements it has become evident that leaves possess a 
very complex system for the absorption of carbon dioxide. This system is 
composed of several interdependent chemical reactions which are in equi- 
librium with the carbon dioxide of the atmosphere. This system might 
provide a reservoir of carbon dioxide which would be available to the 
photosynthetie process. 


Experimental procedure 

APPARATUS FOR MEASURING THE AMOUNT OF CARBON DIOXIDE ABSORBED 

The apparatus used for measuring the absorption of carbon dioxide 
(fig. 1) consisted of two parts: I, a manometric system for measuring the 
absorption of the gas; and II, a pumping system for removing, collecting, 
and analyzing the gas from the reaction vessel, 

ABSORPTION APPARATUS (I).—A gas reservoir G could be filled with the 
gas whose absorption was to be measured. After evacuation of G by means 
of a Hyvae or a mercury diffusion pump through stopeocks B and H, it was 
filled from a gas tank attached through stopeock I. The pressure in the 
reservoir G was measured by manometer F. Manometer D was included 
so that the pressure in reservoir G could be measured without altering its 
volume. Manometer D indicated when the pressures in G and F were 


equal. Equality of pressures in G and F was obtained by evacuation 
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through H and adjustment of the height of the levelling-bulb attached to A. 
Capillary tubes C and E served as safety tubes for the evacuation of manom- 
eter D. Capillary tube J connecting reservoir G and reaction flask L was 
long enough to permit the shaking of L. Stopeocks K and M served to 
connect the reaction flask either to the reservoir G or to the pumping system 
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Fig. 1. Apparatus for measuring the absorption of carbon dioxide by leaf material. 
(I), absorption system. (II), pumping and gas-analysis apparatus. 


(II). Reaction flask L’ equipped with an addition funnel could be sub- 
stituted for reaction flask L when desired. 

The gas reservoir G and the absorption flask L were submerged in a 
constant-temperature water bath. All tubing, C and J, outside of the water 
bath and included in the gas-measuring system was capillary tubing. This 
comprised about 3 per cent. of the total volume. Approximately a 0.1 per 
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cent. change in volume was caused by a change of 10° C. in room tempera- 
ture. Under the experimental conditions used, error from this source was 
negligible. 

APPARATUS FOR COLLECTING AND ANALYZING THE GAS (II).—The gas was 
pumped from the absorption flask L by means of a Sprengel pump, collected 
in a gas reservoir h, and transferred to a Hempel gas-analysis apparatus g 
for analysis. Descriptions of the Sprengel pump are given in manuals of 
laboratory practice (7,19). The design shown here was better suited to our 
purpose than the ones more commonly used. 

An air lift carried mercury from reservoir f to chamber k. The air lift 
was activated by a water aspirator attached at p. Screw clamp o regulated 
the flow of air to the aspirator. The proper mercury level was maintained 
in f by the levelling-bulb a. Screw clamp c regulated the flow of air through 
eapillary d. The mercury, separated from the air in chamber k, flowed in a 
fine stream through nozzle i trapping the gas in capillary j and removing it 
from the absorption apparatus. 

The gas receiver h was connected through a ground-glass joint so that 
it could be removed easily for cleaning. The air inlets to f were furnished 
with long tubes b and e so as to prevent the spilling of mereury when 
levelling bulb a was raised. The gas trap | was inserted to eliminate the 
sweeping of small extraneous gas bubbles into receiver h. Mercury which 
spattered into tube q was collected in receptacle » and removed through 
stopeock m. 

Only a few critical dimensions needed to be regarded for the proper 
operation of the pump. Two of these are marked on the drawing. The 
distance between the nozzle i and the inlet into k had to be greater than the 
height of the column of mercury supported by the pressure in the tube N, 
which for our purpose was greater than 760 mm. The height of the column 
of mereury in the capillary tube 7 was also great enough to insure a sufficient 
rate of flow of mercury, in this instance a height of about 100 to 110 em. 
The diameter of the capillary j (approximately 1 mm.) was sufficiently large 
to permit a rapid flow of mercury but small enough to prevent the trapped 
air from eddying past the flowing mereury. The opening of nozzle i had to 
be adjusted empirically to meet the other demands of the apparatus. This 
was done by constricting the tube to the desired diameter (approximately 
1.5 mm.) by means of a hand torch. 

The conversion factor for transforming pressure change in reservoir G 
to volume of gas absorbed in vessel L was obtained by measuring the change 
of pressure in reservoir G caused by removal of known volumes of gas. 


These volumes were measured in buret g. The reproducibility of these mea- 
surements was found to be about + 0.1 ml. 
Any change in the volume of the system KJGC required a redetermina- 
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tion of the value for the conversion factor. The value of this factor was not 
dependent on the volume of the reaction flask L. The reaction vessels were 
approximately 50-ml. capacity and the volume of KJGC was 122.7 ml. in 
many of the experiments reported. 

PRocEDURE.—A standard procedure was adopted for measuring the 
absorption of carbon dioxide by the various materials which were placed in 
the reaction flask L, or L’. The flask was attached to the apparatus through 
the ground-glass joint and the material allowed to come to temperature 
equilibrium with the bath. Living leaves were stored an additional length 
of time, one or two hours, before measurements were begun so as to lessen 
their respiration. 

Next, ‘the flask was evacuated by means of the Sprengel pump. For 
nonliving material the pumping was discontinued when gas bubbles ceased 
to appear in the capillary tube j. This point was easily determined. For 
living material, however, gas continued to be removed even after long 
periods of pumping. For such material an arbitrary period of twenty 
minutes was set, since this had been shown to be ample time to remove all 
gas from the empty reaction vessel. 

The space in the reaction vessel, not occupied by the plant material, was 
estimated by admitting nitrogen gas from the reservoir and noting the 
change of pressure jn the reservoir. The volume of nitrogen taken into the 
reaction vessel was calculated from the change in pressure. Subtraction 
of the amount of nitrogen aborbed by the water of the leaves (assuming the 
absorption to be the same as for pure water) gave the free space in the reac- 
tion vessel. The nitrogen was then pumped from the reaction vessel into 
receiver h, transferred to buret g, measured, and analyzed for carbon di- 
oxide. The volume of nitrogen obtained in this way usually agreed with the 
volume absorbed (estimated manometrically) within + 0.2 ml. 

The absorption of carbon dioxide was then measured in exactly the same 
manner. The absorption by living leaves was very rapid, ten minutes being 
sufficient for saturation. In contrast to this, complete absorption by killed 
leaves required several hours. 

By making a series of measurements at increasing pressures of carbon 
dioxide, the relation between the absorption of carbon dioxide and its 


partial pressure was obtained. 

When the absorptions were completed, the gas was collected in receptacle 
h and the earbon dioxide determined. The agreement between the volumes 
of gas measured manometrically and volumetrically demonstrated the 
reversibility of the absorption process, 

Diffusion of the water vapor from the reaction vessel through the tube 
J into the reservoir G was prevented by keeping stopcock K closed most of 
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the time. It was opened frequently for very short intervals to establish 
equilibrium between the two vessels. 

At equilibrium the partial pressure of the gas being absorbed was equal 
to the gas pressure in reservoir G less the vapor pressure of the material 
in the reaction flask. With leaves in the reaction vessel, this vapor pres- 
sure was taken as the vapor pressure of pure water (12.8 mm. at 15.0° C.). 

When the carbon dioxide was to be liberated from leaves by the addition 
of acid the reaction vessel L’ was always used. In these instances the ab- 
sorption measurements were carried out as has been described, the carbon 
dioxide was pumped off as completely as possible, and 10 ml. of 6 N hydro- 
chlorie acid containing one drop of heptyl alcohol was added from the addi- 
tion funnel. The gas which was liberated was collected in the receiver h 
and the total volume of carbon dioxide determined. During the evolution 
of the gas the reaction vessel was shaken continuously. 

After an experiment had been completed the material was removed from 
the reaction flask and dried in an oven at 110° C. The water content thus 
obtained was used to estimate the amount of carbon dioxide dissolved by the 
water in the absorbing system, on the assumption that the water of the leaf 
absorbed the same quantity of carbon dioxide as pure water. 

GAs-FLOW METHOD.—In a number of experiments (tables I and II) an- 
other type of absorption method was used. Instead of using pure carbon 
dioxide gas at various pressures, the absorptions were measured at various 


TABLE |] 


ABSORPTION OF CARBON DIOXIDE BY LIVING LEAVES FROM DIFFERENT SPECIES OF PLANTS. 
FRESH WEIGHT, 10.00 GRAMS; TEMPERATURE, 15.0 +0.2° C. 





. co. co, 

CAMER LEAF MATERIAL IN CO: — CO; 

NUMBER : ABSORBED FOR EXCESS 
GAS 
WATER 

% ml. ml. ml, 

1 Helianthus annuus 98.5 10.20 8.01 2.19 

2 Malva parviflora 100.0 11.93 7.77 4.16 

3 Libo cedrus 99.7 7.66 5.01 2.65 

4 Eschscholtzia californica 98.9 9.03 7.61 1,42 

5 Vicia sativa 99.7 10.01 7.38 2.63 

6 Trifolium repens 98.5 10.17 7.64 2.53 

7 Quercus douglasii 99.7 6.38 5.56 0.82 

8 Nicotiana tabacum 98.8 9.14 8.03 1,12 

9 Berberis aquifolium (young leaves 100.0 8.39 7.62 0.77 

10 Berberis aquifolium (old leaves) 99.7 6.68 1.86 1.82 

1] Polypodium vulgare 98.8 8.53 7.96 0.57 

12 Prunus cerasifera var. pissardii 99.2 7.86 6.46 1.40 

13 Hordeum vulgare 98.5 9.61 7.75 1.86 

14 Rosa sp. 98.5 8.03 5.92 2.11 

15 Helianthus annuus (normal) 98.2 10.40 46 2.94 


16 Helianthus annuus (starved) 98.2 11.55 7.89 3.66 
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TABLE II 


ABSORPTION OF CARBON DIOXIDE BY VARIOUS PLANT ORGANS. FRESH WEIGAT, 10,00 GRAMs: 
TEMPERATURE, 15.0 + 0.2° C, 


‘ CO, 
SAMPLE “Os CO, CALI CO 
ie : PLANT ORGAN PLANT SPECIES IN . pared : 
NUMBER esis ABS. FOR EXCESS 
WATER 
% ml, mil, ml, 
l Petals Eschscholtzia 
californica 99.6 8.23 8,24 —().0] 
2 79 Rosa sp. 99.2 9.06 §,.22 0.84 
3 Coleoptile Hordeum vulgare 99.7 9.72 9.00 0,72 
4 Roots oe 4 98.2 9.63 8.58 1.05 
5 $e é¢ sé 98.8 9.30 8.30 1.00 
6 Leaves is * 98.8 9.90 8.60 1.29 


(etiolated ) 


partial pressures of carbon dioxide in nitrogen. The saturation was carried 
out by placing the leaves in reaction chamber G (fig. 2), and passing the 


A B C 





F 1} 

|| 
L set aan -- ef 
G E) 
iT —\ 


Fic. 2. Vessel for saturating leaf material with carbon dioxide at different partial 


pressures in a gas stream. 


desired gas mixture through the chamber. The chamber G was connected 
through ground joints to the Sprengel pump at B and the gas supply at A. 

Before saturation was begun, the chamber was closed off from tubes A 
and C by means of the perforated stoppers D and E, then evacuated by the 
Sprengel pump through the stopcock F. The reaction vessel was shut off 
from the Sprengel pump and gas was admitted to the chamber through the 
stopper D and allowed to flow through the chamber by opening stopper E. 
The end stoppers were then closed and the gas from the reaction vessel 
pumped into receiver h. The volume of the gas was measured in buret g. 
This volume minus the free space (obtained by a similar manipulation with 
nitrogen) gave the volume of carbon dioxide absorbed. The percentage of 
carbon dioxide in the gas phase at equilibrium was caleulated from the 
expression 
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, , 
Veo Ns. 100 
V; 
where V, is the volume of carbon dioxide in the gas pumped from the reac- 
tion vessel; V, is the volume of gas absorbed; and V; is the volume of the 
free space in the reaction vessel. V, = V,—V;, where V, is the total volume 
pumped out. 

The carbon dioxide absorbed in excess of that attributable to the water 
was calculated from the equation, V,.=V,—Vy. Vw is the produet of the 
weight of water present in the leaves (grams) times the absorption coeffi- 
cient of carbon dioxide in pure water. The values of V, are shown in the 
last columns of tables I and If. 

PREPARATION OF LEAF MATERIALS FOR ABsORPTION.-The fresh leaves 
after being harvested were washed with distilled water to clean off the sur- 
face dirt. The water remaining on the surfaces of the smaller leaves was 
removed by absorption in filter paper. Water was removed from the sur- 
faces of the larger leaves by evaporation; the petioles were immersed in 
distilled water during this process. 

The parenchymatous tissue of the larger leaves was removed from the 
main veins and cut into pieces approximately one square inch in area. 
Smaller leaves were used whole. 

This material was weighed into the reaction flask and the carbon dioxide 
absorption measured. Ten grams (+ 0.02 gm.) of material was used in all 
but a few cases where this amount of material was not available. 

METHODS USED FOR KILLING LEAVES.—Leaves to be killed by freezing were 
harvested and washed in the manner already described. A 10-gm. sample 
was weighed into a small capped vial and immersed to the cap in a freezing 
bath of ethyl acetate and solid carbon dioxide. When the leaves had become 
frozen the tubes were removed and the leaf material allowed to thaw. This 
material was weighed into the reaction flask and used for absorption experi- 
ments. 

The amount of water lost from the leaves during these manipulations 
was only about 1 per cent. Duplicate samples of leaves, one fresh, the other 
frozen, gave 14.9 and 15.5 per cent. dry weight, respectively. 

Leaves to be killed by heating were placed into small capped vials and 
immersed in boiling water for from twenty to thirty minutes. The vials 


were allowed to cool before the eontents were removed 


ABSORPTION OF CARBON DIOXIDE BY UNILLU MINATI D LEAVES 


Absorption of carbon dioxide by unilluminated leaves in excess of that 
ascribable to the water present is a property that is widespread among a 


number of species of plants (tables I and II). Only in one species so far 


examined was the amount of carbon dioxide absorbed less than that ealeu- 
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lated for the water present and even in this case the volume of carbon 
dioxide removed by pumping was greater than that reckoned for the water. 
This plant, Sedum praealtwm, has an acid sap, pH 4.08 (table IIT, no. 26). 

Roots and coleoptiles of barley plants and the petals of roses also ab- 
sorbed carbon dioxide in excess of the amount attributable to water. Petals 
from the California poppy (Eschscholtzia californica) were an exception 
(table II). At low pressures of carbon dioxide the absorption by these 
organs was more nearly proportional to the pressure than was the absorption 
of carbon dioxide by leaves.* 

Starvation of leaves affected their ability to absorb carbon dioxide. 
Sunflower leaves which had been in sunlight all day and contained an abun- 
dant supply of starch (table I, no. 15) absorbed less carbon dioxide than 
similar leaves, cut from the same plants, which had been stored in the dark 
over night and had lost their starch (table I, no. 16). Leaves which lacked 
green pigments, however, absorbed carbon dioxide as shown in table ITT. 


THE REVERSIBILITY OF THE CARBON DIOXIDE ABSORPTION 


Carbon dioxide, to become available for photosynthesis, may have to 
dissociate from the substances by which it is first absorbed. This reversi- 
bility would then be an important property of the absorption system. For 
this reason the reversibility of the absorption process was measured for 
leaves of different species of plants and for different kinds of leaves from 
the same species. 

The experiments were carried out in the apparatus shown in figure 1. 
The amount of gas absorbed, measured manometrically, was compared with 
the amount of gas that could be removed by pumping (table III, columns 
6 to 8). Onee the leaves had been treated with carbon dioxide the amounts 
of gas absorbed and removed were more nearly equal in subsequent treat- 
ments. This is shown by comparing the experiments lettered (a) with those 
lettered (b) and (ec) in table III. 

Complete reversibility was demonstrated for all the leaves examined, 
whether they were green, variegated yellow (no. 25), albino (no. 4), or 
etiolated (nos. 2, 9, 11, 16, 23). It is apparent from these results that 
the green pigment is not the principal factor involved in the reversible ab- 
sorption of carbon dioxide by leaves. This reversibility is characteristic of 
killed leaves (table III, nos. 27-30) as well as of living leaves, consequently 
it is not dependent on some life process in the leaves. 

In most instances the amount of carbon dioxide removed from living 
leaves was greater than that absorbed. This additional carbon dioxide un- 
doubtedly came from the respiration of the leaves. Its production not only 
increased the amount of carbon dioxide removable from the leaves but de- 

1The results recorded in tables I and II were obtained by means of the gas-flow 
method, (cf. fig. 2) ; those in table III, by apparatus, figure 1. 





3 
















































mr eet Clo’! 6'est ert q 

99°¢ 8a'F E80" SRO el oo'ol S iI 

66°6 stot Les LUT OWT . % 
CFT 82's TIT 66'6 LUT O0'OT Usei_) B 01 
UNAIPDS WNSIT 
06 | R860 oc’! 6c! Pr GOL LOT Les a) 4 

gos "3 So's 9F0'! 80°6 69°8 coce 10°] Le"8 POPVONy 1 6 
~ LLU r6 ( El Sco'l aR’s To's eRLIO ck | ort UdaTt) | Ss 
- eo"! re"] OFO'T oo! ig At OFT 000! » » 4 
© 6a'1 E91 cal OFO'T NG até FSO! OFT 00°OT YOTI-19ZCM) WOOL) ' 
SS Snsoyt}] u snjoaspy 
Z. 
= 101 Lvl scée0 FOE oON'e oele cll 96% ” ee 
= Sel oul oul 000" et et "289 cUl 96°F 10od-19}VM) UI) v 9 
< 
© STI Sera | £6670 90°! Tel fs 9T'T 00'OT ” a 
a Se oF | Ls" L10'T 816 £0'6 gec9 ‘I 00°01 (YOL-IOJWM) Woe v ¢ 
- eo" Fo"l 110] 16! ge! S216 98"0 00°01 ” : 
Z oe ae | ‘ es 2 oN! 6 l1¢ ON'o TEM ” FT 
a sel etl 66 CrTS9 O80 ourqyy & t 
= 982 Pr LIC 81 
S col CIS neo RL] ‘ 
z 
= 00'L Go ROC eho 
< a) : . . - 
620 Oru S/S CRO ero < 
_ Le" IU SFL al gele stl 
> FFT 80'T 60°6 s 8°CRO Sil I 
a “7 “yu “yu "yu "wu "md 
S i l as?) 25. dad ns l al - . : * 

| 
"Woman" g aqgAOnN au “au0Sdy "11004 
Tay "Way *OO ‘sav 5OO Say OO . 709 OD cy a ~ “LA “DM ; yaawaN 

‘sav*OO | ssdoxg SSHoxy | ‘WEN *OO a ann . ae ANC] HSaud | aTdNVS 

idieniian 1OA OA Ssaud 7 

SSIOxG ; ; 


SAAVAI AW NOLLAYOSHV AGIXOIG NOSUVO AO ALITISISHAATY 


Til WIaAVAL 









Y 


PHYSIOLOC 


PLANT 


194 


9¢°0 





81 
Lv¢e [OF 
OY Uv 
LO 0 
Lg°0 
6TT 
el T LUT 
Eos 
89°S #3 SG 
“ju “ju 
‘SOWLY | 
[iv | ‘wayu*Oo | 
“Sav Ra | SSaoxq | 


ssaoxg | 
| 











F66°0 
F960 9LG aS 
896'0 66 F Ett 











8660 1za°9 
FPO TL 60°¢ 
€eol FS°L 


















L6Z re 
evrad & Cf 
oek's 02°6 LLZ8 
{ xo°>O ~ u "tl ( 
Oe STI SLOT L199 6 
PEO Lg0'T rit 88 LPP9 OF 
eo'o 866°0 [Ls €l°8 6COL [ 8" 
L60 CR6°0 CcL’9 CRO Loco 92 ¢ 
P86'0 c9'¢E r6'l 
t6 4 F6'l 
OFO'T 62°2 68° 
986'0 68" 
"pul “mud 
e . y &, aa * “auOSAdyV 7 faye 
‘sav “OO Sav “OD “yy ws ey bo “LA 
SSX" "Kaa °C ; . a . Au 
A OD ‘ssaud oie’ 


“104 "104 


(panunwoy)—TIT A 1A. 





* ee 


10od-19jUM) WAI v 


” ” 
” ”” q 


I-19j]UM) Uddlt) v 











» 
9 ” q 
ood-109UM uwoo1r) U RI 
OU i) ” ‘| 
Ooo! Your UM) WOOT) 1 ) 
Dp yy repd DAPD JI 
0.5 pyLvpougd & 91 
00 OT OV YIM MOT]AA B G] 
OO OT loedty v a 
ULNID GD) DUDIJOILAN 
SSC 7 ” q 
RRC 100d Id] UM Uovoit) Vv el 
OO'OT ” ” q 
OO UT (Olt-19JBM) Udetr) Vv al 
"md SNNUUD SNYIUDI)I 
“LM F . . : Wad WON 
: IVINALV AN AVa'T 
HSauy 


OG 


aT NVS 








195 


DIOXIDE 


CARBON 


OF 


ABSORPTION 


SMITH 


UIYAM PIUTRIQO St 


¢ soydureg 











Ios 
98°0 896 
OFT 
ett 
z9°0 ELZ'T 
OLT 
LOL 
£60 crt 
LUT 
oF 
C10 Li T 
“pu ~pua 
“SONLV | 
[ LY "waa OD 
“SaV¥ 500 SSHIOXG 
SSGOxG 





‘Sav “OO ; 
SEONG "Nae *OD 


ss 


‘(oog “d -fo) s0geM oand Jo yeyy IOZ payngrysqns st dus oy} JO 10}VM OY} TOF JUOTOYJI0o 





Ito cso 0 
Cl Ft 666°0 
66 el OL6 

md L860 
$20 xSO | 
ta 0 6Fc | 
ol 0 OST I 
cf LET 
€s"0 Este l 
OF I 000'T 
160 PLOT 
190 9g 
9¢°T F90'T 
F6°0 920'I 
c6°0 LsoT 
oF I OFO'T 
98°0 FFT 
0L°0 col 
“pu 








‘SaV “OO 


0O- Jo yloyoep v zo pvoysul ETO Je ssooxe uy 4 
-paop A][NJ WO UMOIT 49M (QT “OU) SAARAT O9dEGO} OY, “SUONTPUOd o[quidutod JopuN UMOLS puB poos 
“CPISIOATUL) []EUIOD “NAZVU “ "V YOssaaoyg Aq poaystuiny poos MOAZ WAMOID « ‘ 
“‘poas JO FOL OUTRS OY} WAZ TAK 


GFT 








[8G 


£9°9 


FO'S 
Crt 
96 
“yu 


aqgAOn au 
OO 
“I0A 











ID OA 











6C°1T C6 L9 
SFU Lol 
02 12 ) 10 
99 FL¢ 
+ ) 6 COS 
60°" 

I¢"Z Goro 
IT's aYSo9 
eL°C L Fog 
OF! 

ONG 

96'S 

[es 

tls 

a 

L 2 L'9t¢ 
6y'¢e OSFSG 
Lo°8 ULt9 
“yu “Wu 
“auOSdy "11004 
‘00 LY*OO 
"IOA ‘Ssaud 


( Ppapnjouo,)) lil 


OM 





woeplory 








Ow 





oo UI 


Ovo! 


00 oO! 


OO OT 





Oo UT 
OO OT 
Ovo 


“TM 


HSaa gq 





(9g pur 
CJOWIBA 


puv [ ‘sou SSurppoos us0y 


O°H-OD *}X%9) 


>) 
YOTI-19}VAd ) 





weeny 





O'H WEA *}x0) WeeIH 
Wwezo0ig) UdeTH 
pod rf) 

“ups 

wnjppavid wnpag 
MOT[O A 
Used) 

DO uodv x } huoagd 

pope 

9 ”” 

” ” 
1ood-ieyBM) weedy 

” ” 


wed) 


DONA WNIpsO 
l p4oH 


IVIGVALVN AVA'T 


AJTGnyOS oyy 
‘syooM oulos 10F yep oyy ul ydey Used pey Pups sjuurd oooxqoy podo 
JO JOT 9UTLS OT} WOTT 010M 


‘© "sou) SHUT[Pees UAOD OU] 


v 





196 PLANT PHYSIOLOGY 


creased the absorption of an equivalent amount of carbon dioxide from the 
gas reservoir. This made the amount of gas absorbed too small (table IIT, 
column 9). For this reason it may be that the amount of gas removed by 
pumping (table III, column 10) is a better measure of the absorption than 
the gas uptake, measured manometrically. The amount of carbon dioxide 
removed from killed leaves was usually slightly less than the amount taken 
up. This deficit was reduced to an insignificant amount if the period of 
pumping was greatly prolonged; hours of pumping were often required to 
remove the last noticeable quantity of gas. Perhaps the cause of this was 
the slow diffusion of gas in the killed leaf. 

One conspicuous difference observed between living and killed leaves 
(killed by either heating or freezing) was the rate at which each attained 
equilibrium with its surrounding atmosphere. Living leaves absorbed or 
evolved carbon dioxide very quickly and reached equilibrium within a very 
few minutes. Killed leaves, however, required hours to complete the reac- 
tion. This retardation in reactivity is probably caused by the breaking 
down of the structure of the leaf, which would make diffusion much slower. 
The retardation also might be caused by the inhibition of the chemical 
reactions with carbon dioxide. 

Summarizing, it may be said that the uptake of carbon dioxide by the 
unilluminated leaf is strictly a reversible reaction which is independent of 
the presence of chlorophyll and of the life processes of the leaf. 


ABSORPTION OF CARBON DIOXIDE BY DIFFERENT EXTRACTS FROM SUNFLOWER 
LEAVES 

Preliminary to an investigation of what constituents in the leaf combine 
with carbon dioxide, the absorption and evolution (by acidification) of 
earbon dioxide by different extracts from sunflower leaves were determined. 
Frozen sunflower leaves were extracted with water and with water saturated 
with earbon dioxide. Sunflower leaves were chosen because of their large 
carbon dioxide absorption capacity, which has been remarked by others 
(33b, 28). In order to obtain the extracts the leaves had to be killed. For 
this reason it was desirable to determine the effect of killing. 

Examination showed that the leaves killed by freezing (— 70°) absorbed 
reversibly considerably more carbon dioxide (exclusive of that dissolved by 
the water of the leaf) than did living leaves (reversible CO., table IV, nos. 
1 and 2). On the other hand, killed leaves evolved less carbon dioxide when 
treated with cold dilute hydrochloric acid (irreversible CO.). When satu- 
rated with carbon dioxide at one atmosphere of pressure, the living and 
killed leaves contained approximately the same quantity of carbon dioxide 
(total combined CO.,). 

The frozen sunflower leaves were extracted with water. Both the solu- 
ble constituents (no. 3) and the insoluble leaf residue (no. 4) absorbed 
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carbon dioxide (table IV, reversible CO,), but only the insoluble residue 
liberated carbon dioxide on treatment with acid (nos. 3 and 4, irreversible 
CO,). The total combined CO, in the residue was nearly double that in the 
dissolved material. 


TABLE IV 


THE DISTRIBUTION OF THE CARBON DIOXIDE COMBINED BY FRACTIONS OF SUNFLOWER LEAVES, 
SEPARATED BY DIFFERENCE IN SOLUBILITY. ALL VALUES RECORDED ARE BASED ON 
10.00 GRAMS FRESH WEIGHT OF LEAVES. THE LEAVES USED IN NOS. 1 TO 6 
WERE ALIQUOT PORTIONS TAKEN FROM THE SAME LOT OF LEAVES 


CARBON DIOXIDE COMBINED* 


SAMPLE ae 
LEAF MATERIAL 


NUMBER REVERSIBLE IRREVERSIBLE TOTAL COM- 

CO, oOo, BINED CO, 
ml. ml, ml, 

1 Living leaf 2.98 15.78 18.76 

2 Frozen leaf 8.89 7.83 16.72 

3 Water-soluble 4.82 0.31 4.51 

4 Water-insoluble 4.88 1.28 9.16 

5 CO,-water-soluble 5.94 5.30 11.24 

6 CO,-water-insoluble 0.00 0.46 0.46 

7 Leaf sap 2.42 (8.84) t 


* Reversibly combined CO,. The amount of carbon dioxide absorbed by the leaf mate- 
rial, at a partial pressure of carbon dioxide equal to 1 atmosphere, in excess of the amount 
calculated to saturate the water present. 

Irreversibly-combined CO,. The amount of carbon dioxide that is liberated from the 
evacuated leaf material on treatment with cold dilute acid. In practice it is the amount 
of carbon dioxide obtained from the material (in equilibrium with a given partial 
pressure of carbon dioxide) when acidified, minus the amount of carbon dioxide absorbed 
by the leaf when the pressure of carbon dioxide is changed from zero to the equilibrium 
pressure. 


Total combined CO,. The sum of the reversible and irreversible carbon dioxide. 
t This result was determined with the Van Slyke blood-gas analysis apparatus instead 
of the apparatus shown in figure 1 which was used for the other measurements. 


The water-soluble substances were removed from the leaves (10.00 gm.) 
killed by freezing in the following manner. The sample of killed leaves was 
extracted thoroughly with three 100-ml. portions of distilled water. The 
solid residue was collected, rinsed with distilled water, transferred to the 
reaction flask, and its absorption measured (table LV, no. 4 

The extract was evaporated to dryness in a platinum dish on the water 
bath. The solid remaining was transferred quantitatively to the reaction 
flask by the use of distilled water and the absorption and evolution of carbon 
dioxide by this material measured (table IV, no. 3 

Although the water-soluble material failed to evolve carbon dioxide 
when treated with dilute hydrochloric acid, other experiments demonstrated 
that the leaf contains water-soluble substances which liberate carbon dioxide 
on acidification. It is probable, therefore, that these substances were decom- 
posed with loss of carbon dioxide during the evaporation process. 


The leaf residue, which was insoluble in water. was further extracted 
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with water saturated with carbon dioxide. The residue insoluble in this 
reagent (no. 6) did not absorb carbon dioxide nor did it liberate carbon 
dioxide when treated with cold dilute hydrochloric acid. The soluble mate 
rial (no. 5), however, absorbed carbon dioxide and also liberated carbon 
dioxide when treated with acid. These observations indicated that the sub 
stances insoluble in water which are responsible for these results are car 
bonates. 

A graphical summary is here given of the distribution of the volumes of 
carbon dioxide combined by the leaf constituents in the different fractions 
obtained by extraction : 


Water-soluble 


Xeazan lent 1479 __| 451 ml. 
Frozen leaf 16.72 ml. Water-insolubl Water-CO,-soluble 
9.16 ml. 11.24 ml. 
Water-CO,-insoluble 
0.46 ml. 


The sap expressed from frozen sunflower leaves (no. 7) was shown to 
contain substances which absorb carbon dioxide, and also to liberate carbon 
dioxide when treated with acid (this sample of sap was not expressed from 
leaves taken from the same lot as those used in experiments 1 to 6). 

These experiments clearly demonstrate that sunflower leaves possess a 
earbon-dioxide-absorption system which is divided between the sap and the 
solid leaf material. This system provides a reservoir of carbon dioxide 
within the leaf which may be available for photosynthesis. 

The notable differences between living and killed leaves in the amounts 
of reversible and irreversible carbon dioxide contained by each (table IV, 
nos. 1 and 2) may possibly be explained by the inequality in their rates of 
respiration. 

Preliminary to measuring the carbon dioxide absorption the leaves were 
thoroughly evacuated. This removed all of the dissociable carbon dioxide. 
Since the living leaves were respiring rapidly, any carbon dioxide absor- 
bents that they contained would be kept saturated. On the other hand, the 
frozen leaves respired relatively slowly and once these absorbents had been 
freed of disseciable carbon dioxide they would become saturated again only 
very slowly. Thus the living leaves would possess a low absorption capacity 
and a large quantity of irreversible carbon dioxide whereas frozen leaves 
would have these properties reversed. 

Other experiments corroborated this conjecture. Three 10-gm. samples 
of sunflower leaves were killed in three different ways and the amounts of 


earbon dioxide that they retained were measured. Leaves killed with ether 
at room temperature retained 17.30 ml. of carbon dioxide; leaves killed by 
drying in an atmosphere of carbon dioxide retained 13.42 ml.; leaves killed 
by heating at the boiling point of water retained only 10.55 ml. These 
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results are what would be expected if the carbon dioxide of respiration were 
retained in the leaves by easily dissociable compounds. Leaves killed with- 
out heating or drying would retain the most carbon dioxide, while leaves 
heated without drying would retain the least.’ 

Although the counterpart of the experiment with frozen leaves has not 
been performed with leaves killed by heating, the latter absorb more carbon 
dioxide than similar living leaves. Heat-killed leaves retain a considerable 
quantity of carbon dioxide that is liberated only by treatment with acid. 


ABSORPTION OF CARBON DIOXIDE BY PARTICULAR LEAF CONSTITUENTS 


ABSORPTION BY WATER.—In order to determine the influence of water, 
measurements were made of the carbon dioxide absorption by matched 
samples of leaves which contained different amounts of water. 

These samples were obtained in the following manner. Large leaves 
were halved and the halves segregated into two portions of 10.00 gm. each. 
Small leaves were thoroughly mixed and aliquot portions of 10.00 gm. each 
withdrawn. One portion was used immediately for absorption measure- 
ments whereas the other was partially dried before use. 

The results of these experiments show that leaves with low water con- 
tent absorb less carbon dioxide than those with normal water content, 
(fig. 3). The removal of water from leaves reduced their capacity to 
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Fig. 3. The influence of water content on the absorption of carbon dioxide by leaves. 
The upper curves represent absorption by leaves with normal water content; the lower 
curves, absorption by leaves with diminished water content. 
» 


1) Malva parviflora; 2) Phaseolus multiflorus; 3) Helianthus annuus; 4) Zea mays; 
5) Hordeum vulgare; 6) Beta vulgaris. 
) g ; 0) ! 


2 The carbon dioxide retained by these various samples of leaves was estimated by 


liberating the earbon dioxide with cold dilute hydrochloric acid and absorbing it in a 











200 PLANT PHYSIOLOGY 


absorb carbon dioxide to a greater extent than was calculated on the basis 
of water loss. This is what would be expected if the water is present in the 
leaf in a dilute aqueous solution such as a sugar solution. As the solution 
becomes more concentrated its absorption capacity is decreased both by the 
loss of water and by the salting-out effect (table V). Only one sample of 
leaves showed an apparent exception to this (table V, no. 2). 


TABLE V 


CHANGE IN CO, ABSORPTION WITH CHANGE IN WATER CONTENT. ORIGINAL FRESH 
WEIGHT 10.00 GRAMS: TEMPERATURE 15° C, 


SamM- 


. SOLUBILITY YECREASE KCREASE Rat 
PLE LEAF > WATER vr P 1 a reg a so d oO. 
NUM- MATERIAL CONTENT a Pike _ x 3 AD " . 
BER ATMOSPHERE CONTENT SORPTION d i,0 
gm. ml, am ml, 

1 Zea mays 8.84 10.43 
(seedlings ) 3.81 5.22 5.03 5.21 1.036 

2 Hordewm 9.06 9.98 
vulgare 5.83 6.92 3.23 3.06 0.947 

3 Beta vulgaris 8.38 8.96 
4.70 5.14 3.68 3.82 1.038 

4 Malva parvi- 8.07 11.51 
flora 3.12 5.2] 4.95 6.30 1.273 

5 Phaseolus 8.60 10.06 
multiflorus 3.17 3.99 5.43 6.07 1.118 

6 Helianthus 8.11 10.93 
annuus 3.94 5.74 $.17 5.19 1.245 
7 Water . 1.020 

8 Sugar solu- 972.4 846.0 

tion (20°) * 786.1 649.0 186.3 197.0 1.058 
9 Water (20°) 0.880 


* QUINN, ELTON L., and JONES, CHARLES L., Carbon dioxide, pp. 103, Reinhold Pub 
lishing Corporation. 1936. 

Within the pressure range, 0.3 to 1.0 atmosphere, the solubility of carbon 
dioxide increased proportionally to the increase in pressure. If the increase 
in solubility per atmosphere of pressure is divided by the number of grams 
of water contained in the leaves, an apparent solubility coefficient is obtained 
for the water in the leaf (table VI, column 6 

The apparent solubility coefficient, in most cases, is greater than the 
coefficient for pure water. The coefficient increases as the water content 
decreases. Therefore there are substances in the leaf besides water which 
absorb carbon dioxide in proportion to its pressure. These substances are 
not lost by the partial dehydration of the leaf but increase in amount rela- 





known quantity of standard barium hydroxide and determining the excess barium 


hydroxide with standard hydrochloric acid. 
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TABLE VI 


CORRELATION OF THE CARBON DIOXIDE ABSORPTION COEFFICIENT OF LEAVES WITH THEIR WATER 
CONTENT. ORIGINAL WEIGHT OF LEAF MATERIAL, 10.00 GRAMS; TEMPERATURE 15° C, 


. 1 Vex 
SAMPLE WATER , , . 9 
SAMPI LEAF MATERIAL ee d Veo, dP eo — | — 
NUMBER CONTENT . dPco, Wu.o 
qm. ml. atm, 
] Zea mays 8.84 6.23 0.6233 1.131 
3.81 2.98 0.5842 1.339 
2 Hordeum vulgare 9.06 5.51 0.5791 1.050 
5.83 8.77 0.5911 1.094 
3 Beta vulgaris 8.38 5.57 0.6330 1.050 
4.70 3.13 0.6274 1.061 
4 Malva parviflora 8.07 6.89 0.6686 1.277 
3.12 2.92 0.6354 1.473 
5 Phaseolus multiflorus 8.60 7.05 0.7434 1.103 
3.17 2.66 0.7483 1.12] 
6 Helianthus annuus 8.1] 6.65 0.6404 1.280 
3.94 3.59 0.6320 1.442 
7 Sedum pracaltum 9.26 1.79 0.578 0.895 
8 Water 1.020 
tive to the water remaining. If such substances were not present the 


apparent solubility coefficient for carbon dioxide would be less than for pure 
water, due to the presence of neutral substances dissolved in the sap. In 
fact, leaf saps acidified in order to prevent neutralization of carbonic acid 
by basie constituents contained therein, possess solubility coefficients con- 
siderably less than pure water. For example, at 15° C., the solubility coeffi- 
cients |ml. CO, (0°, 760 mm.) /gm. H,O/atm. CO,| for two saps acidified 
to pH 3.2 are: Helianthus annuus, 0.926; Sedum pracaltum, 0.913. Hence 
it is not surprising that leaves of Sedum praealtum which contain an acid 
sap (pH 4.08) had an apparent solubility coefficient less than water (table 
VI, no. 7). 

INFLUENCE OF HYDROGEN-ION CONCENTRATION.—Since aqueous solutions 
of carbon dioxide are acid, it is probable that the hydrogen-ion concentra- 
tions of leaf saps might control the ability of leaves to absorb carbon dioxide. 
It is obvious that in leaf saps the amount of hydroxy! ion available to react 
directly with carbon dioxide is too small to be of significance. The concen- 
tration of hydroxy] ion, however, may influence secondary reactions such as 
the formation of the alkaline-earth carbonates which are important in the 
process of carbon dioxide absorption. For this reason a statistical survey 
was made of the relation between the pH of leaf saps (obtained from heated 
leaves) and the amount of carbon dioxide absorbed by these leaves (cor- 


rected for the carbon dioxide dissolved by the water) at one atmosphere 
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pressure of carbon dioxide. The results show that little if any correlation 
exists between the pH of the saps and their carbon dioxide absorption (fig. 


4). 
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pH of Leaf Sap. 

Fic. 4. Influence of hydrogen ion activity on the absorption of carbon dioxide by 
different leaves. 

Ordinate: ml. of carbon dioxide absorbed in exeess of that attributable to the water. 
Abscissa: pH of the saps expressed from heat-killed leaves. 

1) Sedum praealtum; 2) Nicotiana tabacum, yellow with age; 3) Beta vulgaris; 4) 
Hordeum vulgare, etiolated ; 5) Zea mays, etiolated; 6) Evonymus japonicus; 7) Hordeum 
vulgare; 8) Nicotiana tabacum; 9) Zea mays; 10) Phaseolus multiflorus; 11) Evonymus 
japonicus, yellow; 12) Helianthus annuus; 13) Malva parviflora. 

When not otherwise specified, green leaves were used. 


ABSORPTION BY LEAF-SAP CONSTITUENTS.—The absorption of earbon di- 
oxide by the sap from frozen sunflower leaves was analyzed in order to deter- 
mine what type of absorption takes place. For example, does the carbon 
dioxide add directly to the sap constituents, as in carbamino-acid formation, 
or is it neutralized to form bicarbonate ion? To differentiate between these 
two modes of absorption the quantity of carbon dioxide that was chemically 








= 
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bound in the sap was determined and compared with the amount of bicar- 
bonate ion formed. 

PRIMARY IONIZATION CONSTANT OF CARBONIC ACID.—The most convenient 
way to obtain the bicarbonate ion concentration in the leaf sap is to calculate 
it from the equation defining the ionization constant of carbonie acid, 

pK = pH + pHCO, + pfucog — PP co. — PSco. 
that is, provided that the value of this constant is known and conditions of 
measurement can be arranged so as to warrant its use. 

To establish that the experimental conditions warranted the use of this 
equation, the ionization constant was determined under the conditions which 
were used for the measurements on leaf saps. The values for the individual 
terms of the equation were obtained in the following ways: The activities of 
the hydrogen ion in the various solutions, saturated with carbon dioxide in 
the cell shown in figure 5, were measured by means of a Beckman pH meter. 


Oe 








Al U 


Fic. 5. Gas-reaction cell for pH measurements. A, container; B, ground-glass cap 
carrying the calomel electrode (not shown) and glass electrode, E; F, opening for removal 


of samples; C, inlet tube; D, exit for the passage of the gas stream. 


The concentrations of the 0.1 M solutions of bicarbonate were determined 
by acidimetry.* The weaker solutions were made by dilution of the 0.1 M 
solutions. The partial pressures of the carbon dioxide were calculated from 
the composition of the carbon dioxide-nitrogen mixtures, the barometric 
pressures, and the vapor pressures of the solutions. The solubility of carbon 
dioxide, 0.0454 mol/liter/atmosphere, was taken from the literature (3). 


3In this expression p is (—log of a given quantity); K, the primary ionization con- 
stant of carbonic acid; H, the hydrogen ion activity; HCO,, the bicarbonate ion concen- 
tration; fueo.,, the activity coefficient of the bicarbonate ion; P the partial pressure 
of the carbon dioxide in atmospheres; Sco,, the solubility of carbon dioxide in water 


expressed in mol/liter/atmospheres. 


* Merck’s reagent grade of sodium bicarbonate was used for preparing the biecar- 


bonate solutions. 








k 
4 
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The activity coefficients of the bicarbonate ion were calculated from the ionic 
strengths of the solutions according to the formula proposed by Guacern- t 
HEIM and SCHINDLER (10). 


Vu 


~log f£=0.5 Z,? TBi.Cy; 
ee 
which for the bicarbonate ion in the solutions used becomes 
i 
pfucog = 0.5 —H— + 0.221 Cx + 0.044C x». 
1+Vu 


Cya+ and Cx: are the molar concentrations of the sodium and potassium ions 
and is the ionic strength in the solutions measured. 

In table VII are given the values of pK for the primary ionization con- 
stant of carbonic acid. The average value, pK 6.4252, is in good agreement 
with the value reported by SHepLovsKy and MacInnes (21), viz., 6.4293 at 
15.0° C. 

TABLE VII 


DATA FOR CALCULATING THI IONIZATION CONTANT OF CARBONIC ACID 


NAHCO, — 


Poo PP vo PH PHCO, PFico. PK 

MOL/L. Vu 2 2 NCOs 
0.0009936 0.0315 38.04 1.301 6.050 3.003 0.015 6.424 
- ” 152.7 0.699 5.450 “ na 6.426 
- . 743.4 0.009 4.770 5 2 6.436 
0.009936 0.0996 38.01 1.301 7.020 2 003 0.047 6.426 
2 _ 152.5 0.698 6.415 ‘ “ 6.424 
" 742.9 0.010 5.725 - - 6.422 
0.09936 0.315 37.98 1.301 7.926 1.003 0.140 6.425 
" = 152.6 0.697 7.323 "7 . 6.426 
“ ” 742.9 0.010 6.640 - a 6.430 
AVERAGE 6.426 


IN ANOTHER SERIES OF MEASUREMENTS THE NAHCO, WAS MAINTAINED AT 0.0009936 M. 
AND THE IONIC STRENGTH VARIED BY ADDITION OF POTASSIUM CHLORIDE 

















Bana \ " Peo, PPvo, PH PHCO, | PFuco, PK 

0.01 0.1048 38.04 1.301 6.012 3.003 0.048 6.419 
™ e 152.7 0.697 5.403 “ “ 6.414 
. - 743.4 0.009 4.726 * ad 6.425 
0.10 0.3178 38.0 1.301 5.940 a 0.125 6.424 
as “ 152.6 0.697 5.330 “é “ 6.418 
“es 7 743.4 0.009 1.656 ? - 6.432 
0.25 0.501 38.05 1.300 5.888 “ 0.178 6.426 
” - 152.9 0.697 5.276 . - 6.417 
- 61 744.6 0.009 4.612 - - 6.441 
AVERAGE 6.4240 


GENERAL AVERAGE 6.4252 
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The average value for the change in pH with change in pPco, was found 
to be 0.995 which conforms well with the theoretical value of unity (fig. 6). 
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Fig. 6. The change in pH with change in —log Peo, at various bicarbonate ion con- 


centrations (0.1, 0.01, and 0.001 M x 0.9936). 


CONCENTRATION OF BICARBONATE ION IN SUNFLOWER-LEAF SAP.—The bicar- 
bonate ion concentration of sunflower-leaf sap was calculated from the equa- 
tion for the primary ionization constant of carbonic acid, pK 6.425. All 
other terms in the equation were measured in the manner already described 
with the exception of the activity coefficient of the bicarbonate ion. This 
was estimated by an independent experiment. 

For the present it is assumed that the activity coefficient of the bicar- 
bonate ion in the sap depends chiefly upon the concentrations of the inor- 
ganic ions. To determine the concentrations of these ions, a known volume 
of sap was ashed and the principal inorganic ions estimated by the usual 
methods of analysis. The concentrations so determined, expressed in mols 
per liter, are shown in table VIII. The organic ions were of course de- 
stroyed by the ashing process. The solubility of calcium phosphate would 
be exceeded with such concentrations of calcium and phosphate ions present 
in the sap. This indicates that at least a part of these ions is bound in little- 
ionized or non-ionized forms. 

By mixing the ions in the proportions obtained by analysis (supplying 


organic ions as acetate and formate) a ‘‘synthetic sap’’ was prepared which 
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TABLE VIII 


CONCENTRATION OF IONS IN SUNFLOWER-LEAF SAP 





CONCENTRATION CONCENTRATION 
CATION ANION : 
ies MOLS/LITER MOLS/LITER 
Caleium 0.01306 Phosphate 0.0166 
Magnesium 0.01002 Sulphate 0.0274 
Potassium 0.1596 Chloride 0.0363 
Organic* 0.0815 


* The organic anion concentration was calculated as the difference in the number of 
equivalents excess of cations over anions and includes bicarbonate ion. 

Note.—Allowing for the solubility of calcium phosphate as 0.561 gm, per liter of 
water saturated with carbon dioxide (20) the ionic strength of the sap was calculated 
as 0.2434, Applying the formula of GUGGENHEIM and SCHINDLER (10) and calculating 
the specific effect of the cations to be the same as an equal concentration of potassium 
ions, a value of Pfuco, = 0.173 was obtained. 


was free from any compound that might bind carbon dioxide in any way 
except by neutralization. When the components were mixed, a precipitate 
appeared which was dissolved by bubbling carbon dioxide through the solu- 
tion. On standing over night, calcium phosphate erystallized out of the 
solution. After standing at room temperature for several days the erystals 
were removed by filtration. The supernatant liquid was saturated with 
carbon dioxide at known partial pressures in the gas reaction cell (fig. 5) 
and the activity of the bicarbonate ion determined. The value of the activity 
coefficient found was fico, =0.665 (pfucog=0.177). <A closely-agreeing 
value fucog = 0.662 (pfuco, = 9.179) was obtained also by the use of a similar 
solution containing glucose (approx. 0.176 M). 

The bicarbonate concentrations used in calculating the aetivity coeffi- 
cients of bicarbonate ions were determined by means of the VAN SLYKE and 
NEILL blood-gas analysis apparatus (31). Since the solutions analyzed were 
saturated with carbon dioxide it was necessary to subtract the amount of 
dissolved carbon dioxide in order to obtain the bicarbonate concentration. 
This solubility was estimated by an independent measurement of the solu- 
bility of carbon dioxide in the solution. For this determination the solution 
was slightly acidified (pH 3.47) with concentrated hydrochlorie acid. 

An independent estimate of the activity coefficient of the bicarbonate ion 
was made from the ionic strength of the solution. The value calculated, 
fucog = 9.671 (pfuco,= 0.173), corroborated the value obtained by direct 
experiment. 

The following equation was obtained by substituting these experimen- 
tally determined values : 

Pucog = 6.425 + 1.343 — 0.177 + pPco. — pH 
This reduces to the simplified expression 
Pucog = 7.991 + pPco. — pH 
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In table [IX and figure 7 the concentrations of bicarbonate ion calculated 
from this equation are compared with the total amount of bicarbonate bound 


Fig. 7. 


Bicarbonate Concentration. 
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Carbon Dioxide Pressure, Atmosphere. 
The bicarbonate ion concentration determined from electromotive force 


measurements (+) compared with the total combined crrbon dioxide obtained by gas- 
analytical methods (O) and that calculated from the buffer action of the phosphates 


( X ) in sunflower-leaf sap. 


P, V2 


atm. 
0.05065 
0.05063 
0.2030 
0.2030 
0.7536 
0.7533 
0.9881 
0.9882 


BICARBONATE-ION CONCENTRATION OF SUNFLOWER-LI 


PP co, 


atm. 
1.295 
1.296 
0.693 
0.693 
0.123 
0.123 
0.005 
0.005 


TABLE IX 


PH 


6.831 
6.831 
6.424 
6.424 
5.984 
5.984 
5.891 
5.892 


SAP 
HCO 
-HCO,. “ 4 
saiiate E.M.F. 
mol/l, mol/l. 
2.055 0.00881 


2.056 0.00879 
1.860 0.01380 
1.860 0.01380 
1.730 0.01863 
1.730 0.01863 
1.705 0.01973 
1.704 0.01977 


chemically by the sap as determined by analytical means (19). 
parison shows that the two sets of values are nearly equal. 
may be drawn, therefore, that all of the combined carbon dioxide in the leaf 
sap was present as bicarbonate ion and that none of it had added directly 


to the sap constituents to form carbamino-like compounds. 


THE CARBON DIOXIDE ABSORBENTS IN 


SUNFLOWER-LEAF 


SAP.- 


HCO 
(ANAL. 


mol/l, 
0.00875 
0.00886 
0.01326 
0.01339 
0.01801 
0.01802 
0.01867 
0.01884 


This com- 


The conelusion 


From the 


foregoing experiments it is clear that, in sunflower-leaf sap, buffer sub- 











: 
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stances are present which are capable of reacting with carbon dioxide ; other- 
wise the bicarbonate ion concentration would not inerease with inerease in 
pressure of carbon dioxide. 

By correlating the phosphate content with the neutralization capacity of 
the sap from the hypocoty] of sunflower plants, Martin (15) coneluded that 
the buffer action was due almost entirely to phosphates. From the experi- 
ments on sunflower leaves reported here it is apparent that the increase in 
bicarbonate ion concentration with increase in carbon dioxide pressure is too 
large to be accounted for solely by the phosphates (table X, fig. 7). Also 


TABLE X 


CHANGE IN SECONDARY-PHOSPHATE CONCENTRATION IN SUNFLOWER-LEAF SAP WITH 
CHANGE IN PRESSURE OF CARBON DIOXIDE* 





> s ‘ ‘ 
PH ann HI OF HPO= HPO “= HCO, t HCO, t 
H.PO,- H,PO,- " . (CALc.) (OBs.) 
6.831 ~ 0.115 1.303 0.009390 0.0507 (0.00875) | 0.00875 
6.424 0.292 0.5105 0.005611 0.2030 0.01213 0.01326 
5.984 0.732 0.1854 0.002596 0.7536 0.01554 0.01801 
5.891 0.825 0.1496 0.002160 0.9881 0.01598 0.01867 


*In these calculations the value of »=0.2434, was taken as the ionie strength of 
the sap. 

The caleulations were then made from the formula 

~ leet ees 7.211 - 0.495 — pH 
8 i,p0,- ‘~ omer ye 

t HCO, ealeulated is the sum of the bicabonate ion concentration determined 
analytically at 0.05 atmospheres carbon dioxide plus the increase caleulated from the 
change in primary phosphate ion. 

HCO, observed was determined by means of the blood-gas analysis apparatus. 

+ The pH measurements in this paper are referred to the pH values for standard 
buffers given by MAcINNES, BELCHER, and SHEDLOVSKY (14): for the standard 0.1 N 
acetate buffer pH 4.650, and for the potassium acid phthalate, 0.05 M, pH 4.000. 


the neutralization of the sap by acid (fig. 8) demonstrates that the sap con- 
tains other neutralizing substances. While phosphates may be the chief 
buffers, other buffer substances are present which have not yet been 
identified. 

From separate experiments the second ionization constant of phosphoric 
acid, on which the calculations for table X and figure 7 are based, was 
found to be defined by the following equation : 


0,.- 15 /u 
pK = pH - log HPO,” ve (9). 


H,PO, 1+, Ul 
The value estimated for pK is 7.211 at 15.0° C. (table X1).° 
By determining the pH and applying this equation, the change in the 
5A value pK=7.228 (15.0°) was estimated from the values given by Nims (16) 
extrapolated to 15.0° by the formula of HARNED and EMBREE (11). 
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Fig. 8. Electrometric titration curves of sunflower-leaf sap (@ ) and of 0.02 M 
dipotassium phosphate ( O). Ordinate, pH; abscissa, volume of N/1 x 0.9685 hydro- 
chloric acid. (10.00 ml. of each solution were used.) 


ratio of secondary to primary phosphate was calculated. From this ratio 
and the total phosphate content of the sap the increase in bicarbonate ion 
concentration was determined. This was found to be considerably less than 
the increase in bicarbonate ion concentration determined analytically (table 
X). 


The method of estimating bicarbonate ion concentration, from the trans- 


TABLE XI 


DETERMINATION OF THE IONIZATION CONSTANT OF THE DIHYDROGEN PHOSPHATE ION, THE 
EFFECT OF POTASSIUM CHLORIDE. RATIO OF SECONDARY TO PRIMARY 
PHOSPHATE = 1.0; TOTAL CONCENTRATION OF PHOSPHATE ION 
0.01 M; TEMPERATURE, 15.0° C, 


Conc. KCl 


15Vu . 
MOL/L fk KcL Mo, Ul Troral ——— PH PK 
; 10+ Vu 
0.0 0.0 0,02 0.020 0.185 7.02. 7.210 
0.10 0.10 0.02 0.120 0.386 6.82 7.206 
0.20 0.20 0.02 0.220 0.478 6.73 7.211 
0.50 0.50 0.02 0.520 0.628 6.58. 7.213 
0.85 0.85 0.02 0.870 0.723 6.49 7.213 


AVERAGE 7.211 
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formation of secondary into primary phosphate ion, was verified by a sepa- 
rate experiment. A solution of dipotassium hydrogenphosphate (0.0184 M 
was saturated with carbon dioxide. From the pH (5.908) of the resultant 
solution the change in concentration of secondary phosphate was caleulated. 
The amount of secondary phosphate transformed was found to be equal to 
the increase in bicarbonate ion determined either by the analytical method 
of VAN SLYKE and Neri (31) or by the ionization constant equation for 
carbonic acid. A comparison of the values obtained by these independent 
methods is here tabulated : 


Equation Equation Gas-ana- 
Ku,ro,— Ku,co, lytical 
Bicarbonate concentration obtained 0.01693 0.01648 0.01635 


Method used 


These results justified the methods of calculation used for the estimation of 
bicarbonate ion concentration in sunflower-leaf sap. 

In summarizing, it may be said that phosphates probably play an impor- 
tant role in the buffer action of sunflower-leaf sap toward carbonic acid; 
other substances are present, however, in the sap which react with carbonic 
acid. This was demonstrated by obtaining the neutralization curve of sun- 
flower-leaf sap and also by calculating the amount of carbonie acid that 
could be neutralized by the quantity of secondary phosphate transformed. 


ABSORPTION OF CARBON DIOXIDE BY THE WATER-INSOLUBLE LEAF RESIDUE 


The killed leaf, even after extraction with water, absorbed carbon di- 
oxide. The ash of this solid leaf residue contained calcium and magnesium 
salts, the amounts of which accounted completely for the alkalinity of the 
ash (table XII). Inasmuch as the extracted leaf residue liberated carbon 


TABLE XII 


BASICITY OF THE ASH FROM THE INSOLUBLE SUNFLOWER-LEAF RESIDUE 


Gram atoms of caleium 6.69 x 10+ 
Gram atoms of magnesium 1.80 x 10% 
Sum 8.49 x 10% 
Equivalents of base 16.98 x 107% 
Equivalents of acid used 

for neutralization 16.57 x 10* 


dioxide when treated with cold dilute hydrochloric acid, the active absorp- 
tive agents in the residue were probably calcium and magnesium carbonates. 
If such were the ease, an extraction of the leaf residue with water saturated 
with carbon dioxide would remove these salts. This would decrease the 


calcium and magnesium content of the residue and at the same time remove 
its ability both to absorb carbon dioxide and also te liberate carbon dioxide 








f 
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on treatment with acid. Furthermore, alkaline-earth carbonates would be 
found in the extract. This prediction was verified as shown in table XIII. 


TABLE XIII 


RELATION OF CARBON DIOXIDE ABSORPTION TO ALKALINE EARTH CARBONATE CONTENT. QUAN- 
TITIES BASED ON 10.00 GRAMS OF FRESH LEAVES. ALL QUANTITIES ARE EXPRESSED 
IN MOLS x 104 


RESIDUE 


RESIDUE “s 
SAMPLE | FRESH | FRrOzEN FROM WATER Py oe H,0-CO, 
NUMBER LEAF LEAF HO Ex EXTRACT ; 2 | EXTRACT 
TRACTION savicenaal 
TION 
1 Reversible 
CoO, 1.34 0.99 2.19 2.17 0.20 2.67 
Irreversible 
CO, 7.09 3.92 1.92 0.17 0.00 2.38 
3 Combined 
CO, 8.43 7.51 4.12 2.00 0.20 5.05 
4 Calcium 5.59 6.18 6.48 0.78 3.29 2.92 
5 Magnesium 2.38 2.46 1.69 0.87 0.49 1.03 
6 Calcium + 
magne- 
sium 7.97 8.64 8.17 1.65 3.78 8.95 


These data make it apparent that a close correlation exists between the con- 
tent of alkaline earths and the amount of carbon dioxide that can be com- 
bined by the leaf residue. 

In order to confirm the observation that water saturated with earbon 
dioxide removed calcium and magnesium carbonates from water-insoluble 
leaf residue, the dissolved material was isolated in solid form. 

Frozen sunflower-leaf material (210 gm.) was prepared as has already 
been described. Water-soluble material was removed by two extractions 
with water (2500 ml. each). The insoluble residue was then extracted twice 
with water saturated with carbon dioxide (2500 ml. each). The earbonic 
acid extracts were concentrated to 1500 ml. by boiling and the solid which 
precipitated was filtered off. This solid was extracted with two portions of 
water saturated with carbon dioxide (500 ml. each). By boiling this extract 
a solid was again precipitated which was collected and dried. It weighed 
0.2459 gm. 


Analysis showed the precipitate to have the following composition: 


Constituent Per cent. Constituent Per cent. 
CaO 51.45 Co, 33.39 
MgO 1.29 Volatile not CO, 3.47 
MnO 0.65 


P.O; 10.86 Total 101.11 
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This solid material absorbed carbon dioxide and also liberated carbon 
dioxide when treated with acid. 0.0257 gm. of this material liberated 4.34 
ml. of carbon dioxide when treated with acid. The same quantity of solid 
absorbed 1.83 and 2.40 ml. of carbon dioxide at 0.678 and 0.891 atmospheres 
pressures of carbon dioxide, respectively (volumes reduced to 0°, 760 mm.). 

It has been demonstrated by analytical and preparative procedures that 
the absorptive agents in the water-insoluble residue from sunflower leaves 
are calcium and magnesium carbonates and perhaps phosphates. The pres- 
ence of manganese in the carbonate precipitates is noteworthy in view of the 
recent experiments which show that manganese may play a role in the 
absorption of carbon dioxide by water plants (2) and, under certain condi- 
tions, may stimulate photosynthesis (17). 


ALKALINITY OF SAPS FROM LEAVES TREATED WITH CARBON DIOXIDE 


Leaves from some plants when placed in an atmosphere containing high 
concentrations of carbon dioxide yield an expressed sap which is more 
alkaline than the sap from leaves maintained under normal conditions (30). 
Fire and Frampton (8) investigated this phenomenon under a variety of 
conditions and coneluded that under the influence of high concentrations of 
earbon dioxide the plants catalyzed the conversion of acid amides into 
ammonium salts and on removal of the carbon dioxide the plants catalyzed 
the reverse reaction. 


(+ CO.) 
2 RCONH, + 3H.0 =——=—= RCOONH, + RCOOH + NH,’ + OH 
(—CO.) 


This hypothetical mechanism was supported by the facts that the quantity 
of ammonia nitrogen increased and amide nitrogen decreased when the 
leaves were placed in an atmosphere of high carbon dioxide content, whereas 
the reverse occurred when the leaves were transferred to ordinary air. 

In view of the results reported in the preceding section it seemed prob- 
able that the formation of alkaline-earth bicarbonates might also be involved 
in this phenomenon. 

Water charged with carbon dioxide removes calcium and magnesium 
carbonates from the water-insoluble sunflower-leaf residue. When the leaf 
is stored in high concentratitons of carbon dioxide gas carbonie acid con- 
centration of the sap will increase and dissolve additional amounts of the 
alkaline-earth carbonates. The soluble calcium and magnesium bicarbon- 
ates so formed will be expressed with the sap and increase the pH of the sap 
by repressing the acidity of the carbonic acid according to the equation : 
K{H.CO, | 


| OF oe 
i) (HCO 


To test this hypothesis three lots of sunflower leaves were frozen 
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(—70° C.) in three different atmospheres: one lot in air; one in nitrogen; 
and one in carbon dioxide. The sap from each lot was pressed out and the 
pH values of the sap measured under the following conditions: just as the 
sap came from the press; after being swept with nitrogen gas; after being 
saturated with carbon dioxide gas. The data from these experiments are 
recorded in table XIV. 

TABLE XIV 


ALKALIZATION OF SUNFLOWER-LEAF SAP 


LEAVES TREATED WITH 


. CARBON 
NITROGEN AIR niokise 
Original pH of sap 6.82 6§.82 7.02 
Saturated with carbon 
dioxide 6.06 6.03 6.38 
Sap flushed with 
nitrogen 7.07 7.13 8.22 
Molarity in sap: 
Caleium 0.0204 0.0206 0.0250 
Magnesium 0.0211 0.0216 0.0230 


The sap expressed from the carbon dioxide-treated leaves is less acid than 
the saps from leaves treated with either air or nitrogen. This result con- 
firms the observations of Fire and Frampton. The sap expressed from 
leaves treated with carbon dioxide becomes less acid when saturated with 
earbon dioxide gas than do the saps from leaves treated with air and with 
nitrogen. When flushed with nitrogen the sap from carbon dioxide-treated 
leaves becomes more alkaline than the saps from the nitrogen or air-treated 
leaves. Treatment of leaves with carbon dioxide increases the calcium and 
magnesium content of the sap. 

These observations can be correlated by assuming that alkaline earth 
carbonates are removed from the structural material of the leaf and dis- 
solved in the leaf sap as bicarbonates by treatment with carbon dioxide. 
Undoubtedly this reaction also is involved in the alkalization of sunflower- 
leaf sap by *reatment of the leaf with carbon dioxide. 

What relation the absorption of carbon dioxide by the alkaline-earth 
carbonates bears to photosynthesis in land plants is not known. If, how- 
ever, land plants can utilize carbon dioxide bound to the alkaline earths as 
well as water plants do, this mechanism of carbon dioxide absorption may be 
of considerable significance to them (1). 


ABSORPTION OF CARBON DIOXIDE BY CHLOROPHYLL 


One of the intriguing questions concerning photosynthesis is how the 


energy absorbed by chlorophyll is used to reduce carbon dioxide. Chemical 
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combination between chlorophyll and carbon dioxide has been one answer. 
It is of interest, therefore, to determine whether any evidence exists from 
previous work for such a combination. Two methods have been used to 
obtain such evidence. One method has been to determine whether chloro- 
phyllous tissues absorbed more carbon dioxide than did non-chlorophyllous 
tissues ; the other method has been to find out whether isolated chlorophyll 
and its derivatives exhibited any tendency to react with carbon dioxide. 
The results obtained previously have not been conclusive and in some eases 
have been actually contradictory. Because of the importance of the con- 
ception of a pigment-carbon-dioxide complex to the formulation of a proper 
scheme for the mechanism of photosynthesis, further evidence regarding the 
existence of such a complex has been sought. 

In regard to the absorption of carbon dioxide by green and yellow vari- 
eties of leaves WILLSTATTER and STOLL (33b) obtained no difference between 
such varieties of elder and elm. On the other hand Sporur and McGer 


TABLE XV 


CARBON DIOXIDE ABSORPTION* BY CHLOROPHYLLOUS AND NON-CHLOROPHYLLOUS LEAVES 





CO,-EQuIv. | 


CHLORO NON CHLORO- PH or a _ 
TYPE OF Oras sn : HLORO PHYLL CHLORO- — 
. s SPECIES PHYL- CHLORO- 
VARIANT a PHYL (GREEN PHYL- 
LOUS PHYL- 
LOUS VARI LOUS 
LOUS 


ETIES ) 


ml. 
Etiolated | Nicotiana 
ta- 
bacum 
Hordeum 
vulgare 
ee 
Phaseolus 
multi- 
florus 
Zea mays 
Pisum 
sativum 
Aureous Evonymus 
variety japon- 
1CUs 0.92 
Albino Zea mays 1.4] 
+ ae ee 1.02 
Yellow | Nicotiana 
with ta- 
age bacum 1,02 0% 39 5.68 
| 


* The absorption values are given as eubie milliliters of CO., (0°, 760 mm.) absorbed 
at one atmosphere of CO,-pressure by 10.00 grams of fresh leaf material, in excess of 
that aseribable to water. The CO,-equivalent of chlorophyll was based on the ratio of 
one mol of carbon dioxide to one mol of pigment. Measurements were made by the use 
of apparatus shown in figure 1. 
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(25) found indication that ‘‘green leaves and stems absorb considerably 
more carbon dioxide than the corresponding etiolated portions.”’ 

The effect of chlorophyll on the absorption of carbon dioxide by leaves 
has been re-examined. It has been found that sometimes chlorophyllous 
and sometimes non-chlorophyllous leaves absorb the more carbon dioxide. 
No consistency has been obtained (table XV). 

In order to gain a more sound basis of comparison between chlorophyll- 
ous and non-chlorophyllous leaf material, the absorption of carbon dioxide 
by the white and by the green portions of the same variegated ivy leaves 
was measured. The colorless portions absorbed 1.3 ml. and the green parts 
0.94 ml. of carbon dioxide per unit weight at 0.25 atmospheres of pressure, 
in excess of that ascribable to the water present. This experiment con- 
firmed the results obtained by the use of other non-chlorophyllous materials. 

Further evidence regarding the effect of chlorophyll was obtained in 
the following way. 10.00 gm. of fresh leaves were frozen, thawed, and 
extracted with water charged with carbon dioxide. This removed all water- 
soluble carbon dioxide absorbents, but left the chlorophy!! in the leaf residue 
intact. This chlorophyll-containing residue absorbed no more carbon di- 
oxide (0.21 ml.) than did a similar residue from which the chlorophyll had 
been extracted with aleohol (0.27 ml.). The amount absorbed in both cases 
was insignificant. No carbon dioxide was liberated with cold dilute acid 
from either sample. 

From these experiments it may be concluded that chlorophyll is not the 
factor controlling the absorption of carbon dioxide by leaves and no evi- 
dence has been obtained that the chlorophyll in leaves unites with carbon 
dioxide, 

Previous experiments with isolated chlorophyll had indicated that 
chlorophyll united with carbon dioxide. The experiments of WILLSTATTER 
and Stott demonstrated that colloidal chlorophyll m water suspension 
absorbs carbon dioxide (33d). Most of the absorbed carbon dioxide could 
be accounted for by the reaction with, and removal of, the magnesium in the 
pigment. There was, however, an additional absorption which was 
attributed to the pigment itself. 

A reinvestigation of this reaction (carried out at 25.1° instead of 0°, 
the temperature used by WILLSTATTER and SToL.) confirmed the observa- 
tion that carbon dioxide is absorbed and magnesium removed from the pig- 
ment. The amount of car'on dioxide absorbed in excess of that caleulated 
for the water was less than the amount necessary to form magnesium bicar- 
bonate with the magnesium removed from the pigment. 


From the reaction rate curve (fig. 9) it is apparent that the reaction had 
not reached completion. The rate of absorption had become so slow, be- 
cause of the flocculation of the pigment, that it seemed unprofitable to con- 
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Fig. 9. Curve representing the rate of : bsorption of carbon dioxide by an aqueous 
suspension of colloidal chlorophyll. 











tinue the experiment longer. A summary of the results is given in 

table XVI. 

TABLE XVI 

ON THE ABSORPTION OF CARBON DIOXIDE BY COLLOIDAL CHLOROPHYLL AND THE SPLITTING 
OUT OF THE MAGNESIUM BY THE CARBON DIOXIDE 













Volume of solution of colloidal chlorophyll (ml. 20.45 
Weight of colloidal chlorophyll (gm.) 0,32 
Volume of chlorophyll (ml.) 0.29 
Volume of water (ml.) 20.13 
Pressure of CO, (mm.) 737.2 

Temperature (0° C.) 25.1 

Vol. CO, (0°, 760 mm.) required by water (ml 14.82 
Vol. CO, dissolved by suspension (ml. 20.85 
Vol. of CO, reduced to standard conditions (ml. 18.52 
Excess vol. dissolved by suspension (ml.) .70 
Weight of CO, dissolved (mg.) 31 


Atoms of magnesium removed x 10* 114 


"4 
Mols of CO, dissolved x 10* 1.661 
1 
Ratio CO./Mg 1.49] 





The chlorophyll used in this experiment was obtained by the method of 
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Wuusrartrer and Strout (32a). The colloidal suspension was prepared by 
Husert’s method (12), 0.5 gm. of chlorophyll being dispersed in 32 ml. of 
colloidal suspension. Hvusert’s method was modified only in that the ace- 
tone soli:‘ion of chlorophyll was forced into the rapidly stirred water by 
gravity rather than by compressed air. 

The absorption of carbon dioxide by the colloidal suspension of chloro- 
phyll was measured in the apparatus diagrammed in fig. 10. The apparatus 


“SN 
ode 














= () 
~ 4 | 
| b | 
Bed 
































Qa. 














C or 


Fic. 10. Apparatus for measuring the solubility of carbon dioxide in a colloidal sus- 
pension of chlorophyll in water. 


was patterned after the one previously used in this laboratory for micro- 
hydrogenation (22). 

The suspension was introduced into bulb A. With stopcocks a, b, and 
d open and ¢ closed, the air was removed from the apparatus and the dis- 
solved gases pumped out of the colloidal suspension. Stopcock d was then 
closed and ¢ opened so that the suspension ran into the calibrated pipet B. 
Stopeock a was opened and air allowed to enter. The apparatus was again 
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evacuated and any bubbles that formed in B removed. This alternate 
evacuation and filling with air was continued until pipet B was completely 
full of liquid. Stopeock c was then turned so as to drain the excess solution 
out of bulb A. When all had drained out, c was closed. The apparatus 
was then alternately evacuated and filled with carbon dioxide until it con- 
tained pure carbon dioxide. The whole apparatus was lowered into the 
constant temperature bath (25.1° C.) and shaken until the water contained 
in D and the rest of the apparatus was saturated with carbon dioxide. 
Stopeock b was closed and as soon as the manometer liquid in the two arms 
of the manometer E had remained level for a half-hour the solution was 
allowed to flow into the reaction bulb C by opening stopeocks e¢ and d. 
Absorption was evidenced by the change in level of the manometer liquid. 
To equalize the levels of the liquid in the two arms of the manometer, mer- 
cury was let into the reservoir F from buret G. When equilibrium was 
established, as shown by the constancy of the manometer, the volume of the 
gas absorbed was read from the buret. 

The auxiliary apparatus connected to the absorption apparatus at H is 
not pictured. It consisted of a carbon dioxide generator, washflasks, 
manometer, and pumps so arranged with stopeocks that the evacuation and 
filling of the absorption apparatus with the desired gases could be effected 
readily. 

This absorption apparatus gave the accepted value for the Bunsen 
absorption coefficient of carbon dioxide in water, 0.753 at 25.1° C. Borr 
found the value, 0.757 (3). 

The experimental data for the absorption of carbon dioxide by the col- 
loidal suspension of chlorophyll are given in table XVI and figure 9. 

During the period of absorption, 64 hours, the colloidal chlorophyll floe- 
culated and precipitated out. As soon as the experiment was completed the 
reaction vessel was removed from the apparatus, the solution filtered from 
the separated chlorophyll, and the magnesium in the filtrate estimated as the 
8-hvdroxyquinolate; the precipitated magnesium complex was determined 
gravimetrically. The number of atoms of magnesium recovered was 1,114 » 
10°*. The number of mols of chlorophyll used was 3.54 «10%. Therefore, 
not all of the magnesium had been removed from the chlorophyll. 

Reealeulation of the results of WILLsTATTER and Srotni (33g) showed 
that the solubility of carbon dioxide in suspensions of colloidal chlorophyll 
exceeded that necessary to saturate the water and to form magnesium bicar- 
bonate by about 0.1 mol of carbon dioxide per mol of pigment. The solubil- 
ity of carbon dioxide in the solid pigments approaches this value. This sug- 
gests that the results of WILLSTATTER and Stott may be explained by the 
solubility of the carbon dioxide in the solid pigment phase in the colloidal 
suspension, in which case no evidence remains for the chemical union 
between chlorophyll and earbon dioxide. 








SMITH: ABSORPTION OF CARBON DIOXIDE 219 


ae 


Rasinowitrcu (18) has recently reported that solid ethylchlorophyllide 
absorbs carbon dioxide. The extrapolated limit of absorption is two mols 
of carbon dioxide to one of pigment. This value is suggestive of compound 
formation between chlorophyll! and carbon dioxide. 

To ascertain whether evidence also exists for compound formation be- 
tween chlorophyll and carbon dioxide, the solubility of carbon dioxide in 
solid chlorophyll (a+b) and in pheophytin (a+b) was measured. Within 
the limits of accuracy of the apparatus the absorption appeared to be di- 
rectly proportional to the pressure of the carbon dioxide (fig. 11). This 
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Fic. 11. The absorption of carbon dioxide by chlorophyll and pheophytin in the 


solid state. Temperature 0.1° C. 
Ordinate: mols of carbon dioxide absorbed per mol of pigment. Abscissa: pressure 
of carbon dioxide in atmospheres. Chlorophyll @; pheophytin O. 


pointed to physical solution rather than to chemical combination of the car- 
bon dioxide. When pheophytin was not thoroughly dry a slight deviation 
from linearity was obtained which may have been the result of chemical 
action. 

The absorption of carbon dioxide by solid chlorophyll was carried out at 
0.1° C. in the apparatus shown in figure 1. The chlorophyll had been pre- 
pared from mallow leaves by the method of WinusTArrer and Strotn (32d). 
It contained 2.68 per cent. magnesium. 

The method of measurement was the same as that which has already 
been deseribed except that the free volume of the reaction vessel (49.54 ml.) 
was calculated from the known volume of the vessel and the volume of the 
chlorophyll. [The weight used was 3.2022 gm. and the density taken was 


~~ & 


1.11, the value given by KereLAarR and Hanson (13 
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Determination of the free volume of the reaction vessel by admission of 
nitrogen and hydrogen gave values which were larger than that caleulated 
from the geometry of the system (nitrogen, 49.66; hydrogen, 49.72 ml.). On 
the assumption that the larger values were caused by the solubility of these 
gases in the pigment, solubility coefficients of nitrogen and hydrogen in 
chlorophyll were calculated. A comparison of the solubilities of nitrogen, 
hydrogen, and carbon dioxide in chlorophyl!! at 0.1° C. and 760 mm. pres 
sure are tabulated : 


Gas Solubility 
ml. 
Nitrogen 0.0387 
Hydrogen 0.0547 
Carbon dioxide 1,472 


The solubilities are expressed as cubic milliliters of gas absorbed (re- 
duced to standard conditions) by one gram of pigment per atmosphere of 
pressure of carbon dioxide. 

The absorption of carbon dioxide by chlorophyll was very rapid. 
Within five minutes after admission of the gas, equilibrium was established. 
The absorption was completely reversible: the volume absorbed was 4.57 ml. 
(manometrically) ; the volume removed by pumping was 4.59 ml. (volu- 
metrically). 

The absorption of carbon dioxide by pheophytin was measured in the 
same way as described for chlorophyll. The solubility of carbon dioxide in 
pheophytin was found to be 1.963 ml. per gm. of pigment per atmosphere 
of carbon dioxide pressure. 

Pheophytin was prepared from the chlorophyll used in the previous 
experiments. The chlorophyll was dissolved in 200 ml. of 95 per cent. 
ethanol. To this solution 12 ml. of water and 1 ml. of concentrated hydro- 
chlorie acid were added and the mixture shaken for thirty minutes. The 
pheophytin which precipitated was filtered off and washed with distilled 

ater until the washing no longer reacted acid to litmus. The pigmen‘ 

was dried over calcium chloride, then in an Abderhalden pistol at the boil 
ing point of methyl alcohol and finally stored over calcium chloride in a 
vacuum desiccator for two days. This material contained 0.22 per cent. 
ash. 

According to WILLSTATTER and STouu (32b), pheophytin is not extracted 
from ether solution with hydrochloric acid less concentrated than 25 per 
cent. and is almost completely extracted by 32 per cent. Only a trace of 
this pigment was removed from ether solution by 22 per cent. hydrochloric 
acid and a large proportion was removed by 37 per cent. acid. From these 
tests it was concluded that the pigment still contained the phytyl group. 
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During its transfer to the reaction vessel, the pigment appeared to take 
up moisture. To remove this moisture the reaction vessel containing the 
pigment was warmed (40° to 45° C.) and alternately pumped out with the 
Sprengel pump and flushed with dry nitrogen. The sweeping process was 
continued until the volume of the nitrogen admitted to the reaction vessel 
(measured manometrically) was the same as the volume recovered by 
pumping. 

The absorption was directly proportional to the pressure of the carbon 
dioxide (fig. 11). 


LIBERATION OF CARBON DIOXIDE WITH BOILING HYDROCHLORIC ACID 


One question concerning the absorption of carbon dioxide by unillumi- 
nated leaves is whether other compounds besides carbonates and bicarbon- 
ates exist in leaves which can make carbon dioxide easily available to the 
leaf. An attempt was made to answer this question by determining the 
amounts of carbon dioxide liberated from leaves by boiling the leaves with 
hydrochloric acid of different concentrations. 

Tobacco leaves, which had been stored in the dark for four days, were 
used in these experiments. Samples (25 gm.) of the parenchymatous 
tissues were cut from the mid-rids and put into a flask containing 125 ml. of 
the acid solution to be tested. The leaf material was boiled for one hour 
and the liberated carbon dioxide measured. 

Experiments were performed with solutions containing 0, 1, 5, and 12 
per cent. hydrochloric acid, respectively. The amounts of carbon dioxide 
liberated were : 


Hydrochloric acid used, per cent. 0 1 5 12 


Carbon dioxide liberated, mg. 6.62 9.95 16.18 51.70 


The periods of boiling were probably too short to produce the maximum 
quantities of carbon dioxide, but it is evident that carbon dioxide may be 
liberated from leaf material with different degrees of facility. There was 
some evidence that storage of the leaves depleted the amount of carbon 
dioxide that could be liberated with 12 per cent. hydrochlorie acid. 


Summary 


Measurements of the carbon dioxide absorption by unilluminated leaves 
have demonstrated that all leaves so far examined, with the possible excep- 
tion of leaves from the acid plant Sedum praealtum, absorb carbon dioxide 
in excess of that ascribable to the water they contain. Inasmuch as etio- 
lated, yellow, and albino leaves exhibit as great an absorption as their 
chlorophyllous counterparts, it appears that chlorophyll is not the control- 
ling factor in carbon dioxide absorption. This is confirmed by the fact that 
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the extracted leaf residues which still contain chlorophyll give no evidence 
of compound formation with carbon dioxide. Furthermore, chlorophy]|! 
and its magnesium-free derivative, pheophytin, both absorb carbon dioxide 
but show no indication of combining with it chemically. 

By comparing the amount of carbon dioxide absorbed with that removed 
from the leaf by evacuation, it has been demonstrated that the absorption 
process is strictly reversible. This is true for killed as well as for living 
leaves. 

The water in leaves absorbs carbon dioxide in proportion to the quantity 
of water present and in proportion to the partial pressure of the carbon 
dioxide. 

Detailed analysis of absorption by sunflower leaves revealed that both 
the sap and the insoluble leaf residue absorb carbon dioxide. The absorp- 
tion in the sap may be accounted for by the reaction of carbonie acid with 
the buffers present, chiefly with the phosphates. The absorption by the 
insoluble material is attributable to the alkaline-earth carbonates contained 
therein. 


The author wishes to thank Professor A. C. Frazer of Cornell University 
for furnishing the seed from which the albino corn plants were grown. He 
is also indebted to Dr. H. A. Sporur, who initiated the work in this labora- 
tory on carbon dioxide absorption by unilluminated leaves, and to Dr. H. H. 
STrain for many helpful suggestions. 
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DISTRIBUTION OF NITROGENOUS AND CARBOHYDRATE FRAC- 
TIONS AND OTHER SUBSTANCES IN EXPOSED AND 
COVERED PINEAPPLE SISTER SHOOTS’ 


UD. £s mepenee, BB. BB. mMeaves, anno BH. YY. Yous@ 


(WITH NINE FIGURES) 


Introduction 


After the first fruit on a pineapple is removed, two or more lateral shoots 
frequently develop from the leaf axis of the mother plant and on these, fruits 
are borne the following year. It became of interest to study the difference 
in physiological behavior and chemical composition of such sister shoots, 
both on the same plant, grown in darkness and seasonal light, respectively, 
while receiving their entire inorganic nutrition and water supply by way 
of the roots and stem of the same mother plant. The studies reported below 
represent an attempt to furnish information on the behavior of pairs of 
sister shoots so treated. Another objective was to study the transfer of 
organic and inorganic solutes from the parent stem to the shoots, one grown 
in darkness and the other under daylight conditions. 

BURKHOLDER (5) has satisfactorily reviewed and diseussed the literature 
on the role of light in the life of plants. As certain original sources of 
information bearing directly on this subject are mentioned, however, their 
data are compared and discussed in connection with the findings reported 
below. Brown and TreLease (4), working with Cestrum nocturnum, ob- 
served that the length of shoots of this plant decreased during the day, 
owing to water loss by transpiration. At night the shoots not only re- 
covered their original length but also made further rapid growth. TRre- 
LEASE (31) observed a parallel case in Musa sapientum. Toumacneyv (29) 
noted in Opuntia sp. that the rate of growth was synchronous with de- 
creased acidity of the tissues. According to this investigator and RicHarps 
(19), the acidity of Opuntia sp. was greater during the night than during 
the day. Street (27) observed that Pisum sativum, grown in water cul- 
tures, absorbed more magnesium and calcium when exposed to long than to 
short periods of light. With respect to nitrate assimilation, NIGHTINGALE 
and SCHERMERHORN (14), observed in Asparagus officinalis, that nitrate 
was utilized very rapidly both in darkness and in light as long as the 
tissues were supplied with ample quantities of carbohydrates. ToTTiINcHAM 
and Lease (30) observed, in the case of Triticum sativum, Solanum ly- 
copersicum, and Lycopersicum esculentum, that, in blue to violet light, the 
percentage of protein increased ; at the same time there was a decrease in 

1 Published with the approval of the Director as Technical Paper no. 116 of the Pine- 
apple Experiment Station, University of Hawaii. 
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the amount of pentosans. The conditions favoring the synthesis or hy- 
drolysis of proteins have been studied by different investigators. IvaNorr 
(10) observed that, for the synthesis of proteins in the absence of light, 
plants like Brassica napus, Daucus carota, and Solanum tuberosum, required 
a small amount of protein and a great supply of amides and readily assimil- 
able carbohydrates. This, in general principle, is in agreement with the 
findings of most investigators. According to E1iseNMENGER (7), and Kis 
and Yoxota (12), the absence of light, causing a decrease in the supply 
of carbohydrates, favors the accumulation of nitrate in the plant and the 
hydrolysis of proteins; these processes result in an increase in the amino 
acid nitrogen content of the tissues. With insufficient quantities of light, 
where a normal rate of carbohydrate synthesis is limited, nitrogen cannot 
be used effectively by the plant, according to Prresttey (17). Moreover, 
under conditions of prolonged darkness, proteins are apparently respired 
as the source of energy, according to NiaguTINGcALe, ef al. (15). Priestiey 
and Ewine (18) attribute the decreased rate of solute movement in the 
tissues of etiolated plants to structural modifications in the growing point 
of the plant. In pineapple plants grown in nutrient solutions, greater 
quantities of proteins and smaller quantities of soluble organic nitrogen 
were produced when the plants were exposed to light, than when they were 
kept in darkness, according to certain other studies of the authors (24). 


Experimental methods 


During the period between the 2nd and 23rd of July, 1934, approxi- 
mately two weeks after the fruits had been picked, 40 pairs of pineapple 


sister shoots were selected on the basis of one pair per mother plant. One 


of the members of each pair was covered with a bag made of light green oil 
cloth which fitted loosely around the shoot. The lower opening of the bag 
was partly closed to prevent the entrance of light. The other member of 
the pair was left exposed to light. These sister shoots will be designated 
as ‘‘eovered’’ and ‘‘exposed,’’ respectively. 

At intervals of 17, 56, 77 and 105 days from the time that half the 
shoots were covered, samples consisting of from 5 to 10 pairs of shoots were 
detached from their mother plants. These shoots were segregated into 
covered and exposed groups and prepared for analysis. The technique 
described in a previous publication (22) was employed. 

The leaves and stem were separated into homogeneous samples on the 
basis of age, morphological condition, and physiological function of the 
various sections of these organs. The chemical methods deseribed in other 
publications (21, 22) were adopted. 

It was of course impossible to detach the growing shoots and obtain their 
initial weights at the beginning of the experiments. Shoot weights for the 
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different groups, however, were obtained at the end of each experimental 
period. The various sections of the leaves and stem of the shoots removed 
at the end of all the four experimental periods were analyzed for moisture, 
chlorophyll, electrical resistance, titratable acidity, pH, nitrate nitrogen, 
reducing sugars and sucrose. The shoots removed at the end of the 56-day 
period were analyzed also for organic nitrogen fractions. The results from 
the various studies are presented in tables I to XI and in figures 2 to 9. 


Results 
WEIGHTS 
The weights of the shoots from different plants varied somewhat, as far 
as we could determine by observation, at the time of selection although par- 
ticular attention was paid to the uniformity of the pair of shoots on each 
mother plant. Because of inherent variability some pairs of shoots were 
smaller than other pairs, and the degree of variability from the mean weight 
was greater than 20 per cent. for the shoots removed at the end of the 
different experimental periods. Average shoot weights are presented in 
table I. 
TABLE I 
WEIGHT OF EXPOSED AND COVERED PINEAPPLE SHOOTS REMOVED FROM THEIR MOTHER PLANTS 
AT THE END OF VARIOUS PERIODS OF TIMI 


WEIGHT OF SHOOTS 
PERIOD L 


EXPOSED COVERED 
days gm. gm. 
17 618 635 
56 980 1010 
77 1303 1110 
105 1465 921 


The data suggest that pineapple shoots kept in darkness by covering for 
a period of one to two months, may grow without any external symptoms of 
detriment when attached to the mother plant. Under the longer experi- 
mental periods, however, when the shoots were allowed to remain on the 
plants for 77 and 105 days, the lesser weights of the covered shoots repre- 
sent a decreased rate of growth caused by the effects of shading. The losses 
in weight of the shoots during these two periods were accompanied also with 
more pronounced morphological and physico-chemical changes in the leaves 
and stem, as presented later. 


MOISTURE 


The moisture content of the various sections of the leaves and of the stem 
of the covered and exposed shoots removed at the end of all the four experi- 
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Fig. 1. Mother plant (A) with the peduncle (B) of the first season’s fruit, and 


two shoots (C and D) which will produce the second season’s fruit. 


mental periods are presented in table IJ. Figure 2 illustrates the distribu- 
tion of moisture in the sections of the exposed and covered shoots removed 


at the end of the 105-day period. 
The data show, in general, that the moisture percentage of the tissues of 
the exposed shoots decreased with advancing age while that of comparable 
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TABLE II 
MOISTURE CONTENT OF VARIOUS SECTIONS OF THE LEAVES AND STEM OF EXPOSED AND COVERED 
PINEAPPLE SISTER SHOOTS ATTACHED TO THEIR MOTHER PLANT FOR DIFFERENT 
PERIODS OF TIME 








PERIODS 
PLANT 17 DAYS 56 DAYS 77 DAYS 105 DAYS 
SECTIONS paso + os 
Ex- Cov- Ex- Cov- Ex- Cov Ex- Cov- 
POSED ERED POSED ERED POSED ERED POSED ERED 
noe % % % % % % % % 
Bl (base) 86.4 87.3 87.0 86.8 85.7 87.6 87.5 90.1 
B2 85.3 85.3 83.2 83.0 84.9 85.6 86.0 88.2 
B3 . | 84.7 86.7 83.4 84.7 84.1 85.4 85.0 87.1 
B4 (tip) ; ‘ 82.1 81.3 82.3 76.5 81.5 29.6* 
Mature: 
Cl (base) .| 92.4 92.5 89.7 90.2 89.9 89.8 90.7 91.8 
C2 wn | 88.4 90.3 85.8 87.0 86.5 87.2 88.1 89.8 
C3 . .. | 85.0 89.2 83.1 89.3 84.7 89.0 85.4 90.4 
C4 82.0 89.0 84.2 88.3 82.7 90.0 
C5 (tip) 7 82.3 88.2 81.1 85.4 78.4 81.2 
Active: 
D1 (base) - 91.4 90.8 91.2 92.4 92.0 93.0 
D2 Ree | ot 88.0 89.8 88.2 89.3 88.4 90.6 
D3 ’ 84.8 89.2 86.8 90.4 85.2 91.4 
D4 83.7 90.1 84.2 90.3 84.6 91.2 
D5 (tip) 83.5 88.2 81.5 88.0 79.6 89.6 
Young: 
El (base) 91.4 93.6 92.1 92.2 92.0 92.6 
E2 87.8 88.8 88.1 90.0 88.3 89.6 
E3 87.0 88.4 88.4 90.4 86.0 90.2 
E4+5 (tip) 84.5 88.4 84.1 89.6 83.5 89.6 
Stem: 
Basal (cortex) 75.5 79.6 86.4 85.8 86.6 89.0 89.2 
** (pith) | 76.1 77.8 78.9 82.2 85.0 85.2 90.3 
Apical (cortex) | 87.3 79.1 83.7 87.6 7.5 89.5 90.0 90.2 
- (pith)... | 86.3 87.6 84.5 88.1 85.8 89.2 87.2 90.6 


* Tissues dead and possibly dried. 


tissues of the covered shoots increased. This condition indicates that the 
amounts of solids per unit of fresh weight were greater in the tissues of the 
exposed than in those of the covered shoots. 


(CHLOROPHYLL 


The chlorophyll content of the sections of leaves of both exposed and 
covered shoots removed at the end of all the four periods is presented in 
table III. Figure 3 reports only the chlorophyll content of the leaf sections 
of covered and exposed shoots removed at the end of the 56-day period. 


The data in table III show that the amounts of chlorophyll in the leaves 
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TABLE III 
MILIIGRAMS OF CHLOROPHYLL PER GRAM OF FRESH WEIGHT IN VARIOUS SECTIONS OF THE 
LEAVES OF EXPOSED AND COVERED PINEAPPLE SISTER SHOOTS ATTACHED TO 
THE MOTHER PLANT FOR DIFFEKENT PERIODS OF TIME 


PERIODS 
— ; . - 
PLANT 17 DAYS 56 DAYS 77 DAYS 105 DAYS 
SECTIONS - . - — 
Ex- Cov- Ex Cov- Ex Cov Ex- Cov- 


POSED ERED POSED FRED POSED ERED POSED ERED 


Leaves: 
} mg. mg. mg. mg. mg. mg. mg. mq. 
Old: 


Bl (base) 


0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 





B2 | 0.122 0.150 0.162 0.148 0.040 0.124 
B3 _| 0.553 0.518 0.346 0.126 0.388 0.149 0.299 0.038 
B4 (tip) 0.718 0.072 0.390 0.306 0.592 0.000 
Mature: 
C1 (base) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
C2 0.131 0.050 0.071 0.017 0.000 0.100 0.000 
C3 0.297 0.232 0.220 0.078 0.258 0.000 0.346 0.000 
C4 : 0.320 0.075 0.396 0.093 0.441 
C5 (tip) ; 0.272 0.102 0.290 0.257 0.557 
Active: 
D1 (base) oe 0.000 0.000 0.000 0.000 0.000 0,000 
2 : 0.035 0.000 0.073 0.000 0.075 0.000 
D3 ; 0.126 0.000 0.203 0.000 0.206 0.000 
p4 0.128 0.007 0.000 0.340 0.000 
D5 (tip) 0.294 0.082 0.287 0.160 0.478 
Young: 
El (base) 0.000 0.000 0.000 0.000 0.000 
E2 } 0.038 0.000 0.041 0.000 
E3 0.048 0.000 0.075 0.162 0.000 


E4 +5 (tip) Et 0.020 0.400 0.301 0.000 


of the covered plants decreased with prolonged darkness; i.¢., during a 
period of 105 days. The low chlorophyll values for the covered shoots dur- 
ing the various periods resulted chiefly from the inability of the plant to 
produce this substance in the new leaves formed after covering, and also to 
some losses caused by the breaking down of chlorophyll in the older leaves. 
The terminal sections of the leaves of the covered shoots removed at the end 
of the 56-day period contained less amounts of chlorophyll than the same 
sections of leaves from covered shoots removed at the end of the 77-day 
period. The greater amounts in the shoots removed at the end of the latter 
period may indicate variations in the initial chlorophyll content of the ex- 
perimental material, a state which occurs even under similar nutritional and 
environmental conditions. It is safe to assume, therefore, that after a very 
prolonged period of darkness, such as 105 days, the chlorophyll of pineapple 


leaves undergoes from partial to complete decomposition. 
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ELECTRICAL RESISTANCE 


The electrical resistance of the extracted sap was determined with a 
set-up of standard Leeds and Northrup instruments consisting of a student 
potentiometer, a 6-dial resistance box, an a. ¢. pointer galvanometer and a 
Henry-type conductivity cell. The results obtained for the shoots removed 
at the end of the four different periods are presented in table IV. Figure 4 
reports only the data for the shoots removed at the end of the 56-day period. 

The data in the table show that the electrical resistance of the sap of the 
tissues in the covered shoots increased with longer periods of darkness. The 
electrical resistance values of the termina! sections of the leaves were influ- 
enced more by the effects of darkness than the basal sections. The sections 


TABLE IV 


ELECTRICAL RESISTANCE OF THE EXTRACTED SAP OF VARIOUS LEAF AND STEM SECTIONS OF 
EXPOSED AND COVERED PINEAPPLE SISTER SHOOTS ATTACHED TO 
THEIR MOTHER PLANT FOR DIFFERENT PERIODS OF TIME 


PERIODS 
PLANT 17 DAYS 56 DAYS 77 DAYS 105 DAYS 
SECTIONS - — ; - 
Ex- Cov- Ex- Cov Ex- Cov- | Ex- Cov- 
POSED ERED POSED ERED POSED ERED | POSED | ERED 


Leaves: ohms | ohms ohms ohms ohms ohms ohms ohms 
Old: 
Bl (base) .......... | 344 350 167 182 116 116 
B2 | 332 324 157 182 109 95 
B3 : | 220 117 200 87 
B4 (tip) 7 


Mature: 
Cl (base) 7 3% 100 87 109 
C2 a 31% 117 99 95 
C3 S 9% 105 69 73 
C4 ; 88 j 61 
C5 (tip) ' 75 5 
Active: 
D1 (base) j 5 93 
D2 2 5 102 
D3 3 ] 7 77 
D4 
D5 (tip) 


3 157 2 65 


52 


Young: 
El (base) 
E2 
E3 
E4+5 (tip) 
Stem: 
Basal (cortex) 240 
‘¢  @ith) 206 
Apical (cortex) 
-” (pith) 
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of the stem of both covered and exposed shoots do not show as great con- 
trasts as do those of the leaves. 
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Fic. 4. Electrical resistance (ohms) of the extracted sap of different sections of 
the leaves and stem of exposed and covered pineapple shoots at the end of the 56-day 
period. 


ACIDITY 


Determinations of titratable acidity were made on aliquots from aqueous 
solutions of the extracted sap from 10-gram samples of fresh tissues. <A dif- 
ferent aliquot from the same aqueous extract was used for the colorimetric 
determination of the pH values. The data for titratable acidity for the 
covered and exposed shoots, removed at the end of all four periods, are pre- 
sented in table V and in figure 5. The values for pH are reported in table 
VI and figure 6. 

Titratable acidity, reported as percentage of citric acid, increased in the 

: chlorophyllous sections of the exposed shoots with advancing age, while it 
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TABLE V 


TITRATABLE ACIDITY AS CITRIC ACID ON A FRESH WEIGHT BASIS IN VARIOUS SECTIONS or 
THE LEAVES AND STEM OF EXPOSED AND COVERED PINEAPPLE SISTER SHOOTS 
ATTACHED TO THEIR MOTITER PLANT POR DIFFERENT PERIODS OF TIME 


PERIODS 


PLANT 17 DAYS 56 DAYS 77 DAYS 105 DAYS 
SECTIONS 
Ex- | Cov Ex Cov Ex Cov- | Ex Cov 
POSED ERED POSED ERED POSED ERED | POSED ERED 
Leaves: A - a on on or er ‘ 
Old: ss ’ ; ; , ee : 
Bl (base) | 0.192 0,192 0.088 0.098 0,064 | 0,045 0,090 
B2 0.179 0.179 0.051 0.064 0.160 | 0.154 0.025 
B3 | 1.536 0.486 0.435 0.15% 0.864 0.813 0.064 
B4 (tip) , 0.832 | 0.333 | 0,960 1,197 
Mature: | 
Cl (base) 0.224 0.179 0.179 0.218 0,160 0.090 0.173 
c2 : 0.243 0.154 0.102 0.090 0,060 | 0,190 0,090 
C3 .| 1.677 | 0.883 | 0.525 | 0.064 0.960 | 1.114 0.090 
(4 1.254 0.640 1.824 | | 1.818 0.173 
C5 (tip) 1472 | 0.256 | 2,110 1.920 | 0,282 
Active: 
D1 (base) | 0.179 | 0.100 | 0,320 | 0,128 | 0.154 
D2 0.128 0.128 0.160 0,109 0.064 
D3 0.540 0.512 0.448 0.813 0,090 
D4 1.090 0.461 1.660 1.837 0.154 
D5 (tip) 1.357 0.320 2.050 2.138 | 0.282 
Young: 
El (base) 0.154 0.448 | 0,224 0.090 | 0,128 
E2 sa 0.102 0.077 0.109 0.045 
K3 ss 0.435 0.090 0.160 0.53 0.064 
£4 +5 (tip) 0.102 | 0.960 1.709 | 0.128 
Stem: 
sasal (cortex) | 0.333 0.352 0.179 0.256 0,224 0.154 0.256 
‘¢ (pith) 0.435 | 0.422 | 0.192 | 0.358 | 0.320 0.192 | 0.301 
Apical (cortex) 0.256 0.550 0.320 0.256 0.429 


“e (pith) 0.282 0.717 0.480 0.256 0.384 


decreased in comparable leaf sections of the covered shoots, as shown in 
table V. The stem and the non-chlorophyllous basal section of the leaves 
of the covered shoots contained greater amounts of titratable acidity than 
those of the exposed shoots. 

The values for pH presented in table VI and in figure 6 follow more or 
less the course of titratable acidity. They are high in the basal non-chlo- 
rophyllous and low in the chlorophyllous sections of the leaves of the exposed 
shoots, while in the covered shoots the pH values of the different leaf sec- 
tions approach a constant level as the total time of shading increased. If we 
contrast the curves for the pH values of comparable sections of the leaves of 
exposed and covered shoots we find that in the former the values decrease 
from the basal to the apical sections, while in the latter they fluctuate within 


narrow limits. 
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Fig, 5. Titratable acidity as percentage of citrie acid on a fresh weight basis of 


different sections of the leaves and stem of exposed and covered pineapple shoots at the 


end of the 56-day period. 
DISTRIBUTION OF NITROGENOUS FRACTIONS 


The distribution of nitrate in the various sections of the leaves of the 
exposed and covered lots of shoots, removed at the end of all the four 
periods, are reported in table VII. Table VIII contains the analytical data 
for the fractions of inorganic, soluble organic, and protein nitrogen in the 
different sections of the leaves and stem of the exposed and covered shoots 
removed at the end of the 56-day period. The data in table VIII are pre- 
sented in graphic form in figures 7 and 8. 

The values in table VII show, in general, that the movement of nitrate 
from the mother plant to the attached sister shoots was greater for the ex- 
posed than for the covered shoots. In practically all cases, the amounts of 
nitrate in the non-chlorophyllous sections of the mature C, active D, and 


young E groups of leaves were greater for the exposed than for the covered 
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TABLE VI 


HYDROGEN-ION CONCENTRATION OF THE EXTRACTED SAP OF VARIOUS SECTIONS OF THE LEAVES 
AND STEM OF EXPOSED AND COVERED PINEAPPLE SISTER SHOOTS ATTACHED TO 
THEIR MOTHER PLANT FOR DIFFERENT PERIODS OF TIME 














PERIODS 
PLANT 56 DAYS 77 DAYS 105 pAYs 
SECTIONS j se 1 f as 
Ex- Cov- Ex- Cer. | Ex- Cov- 
POSED ERED POSED ERED | POSED ERED 
Leaves: 
Ola: Ez pH pH pH pH pH 
Bl (base) oJ ¥ 5. § 3.8 5.6 5.0 5.0 
B2 Bra 5.2 5.$ 4.8 5. | 48 5.0 
B3 ‘ 5. . 3.8 4.3 | 4.0 4.8 
Bé4 (tip) of 6 é 
Mature: 
Cl (base) 
C3 
C3 
C4 
C5 (tip) 
Active: 
D1 (base) ........... 
D2 
D3 
D4 
D5 (tip) 


Young: 





“1 ~1 & bo bo 
wow kool 
© ewprc bo 


El (base) 
E2 
E3 

E4 +5 (tip) 


2 


> me Oo 
ou 


ww 
ot 


Stem: 
Basal (cortex)... | 
‘6 (pith) 
Apical (cortex) 
ie (pith) 


shoots. Exceptions may be found in the basal sections of the senile B group 
of leaves, and in the stem. The rate of nitrate assimilation, as indicated by 
the difference between the amounts of this substance in the basal non-chlo- 
rophyllous sections (no. 1) and in the chlorophyllous sections (no. 3 or 4) 
of the C, D, and E groups of leaves, is considerably greater for the exposed 
than for the covered shoots. The causes for the low rate of nitrate assimi- 
lation in the leaves of the covered shoots may be attributed to the small 
amounts of chlorophyll and carbohydrate in the leaves and possibly unknown 
substances. 

Certain differences that may be observed in the amounts of nitrate in the 
non-chlorophyllous sections of both covered and exposed lots of sister shoots 
at the end of the different experiment periods were caused by the length of 
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COVERED SHOOTS 


exposed and covered pineapple shoots at the end of the 56-day period. 


TABLE VII 


MILLIGRAMS OF NITRATE NITROGEN PER GRAM OF FRESH WEIGHT 
THE LEAVES AND STEM OF EXPOSED AND COVERED PINEAPPLE 


ATTACHED TO THEIR MOTHER PLANT FOR DIFFERENT PERIODS OF TIME 


and stem of 


IN VARIOUS SECTIONS OF 
SISTER SHOOTS 














PERIODS 
PLANT 17 DAYS 56 DAYS 77 
SECTIONS ; : 
Ex- Cov- Ex- Cov- Ex- 
POSED ERED POSED ERED POSED 
Leaves: : | mg. mg. mg. mg. md. 
B1 (base) . | 0.310 0.185 0.357 0.292 0.194 
B2 -| 0.231 | 0.174 | 0.237 | 0.184 | 0.060 
B3 ve | 0.007 0.000 0.031 0.036 0.012 
B4 (tip) 0.008 0.000 0.007 
Mature: 
Cl (base) . | 0.338 | 0.105 | 0.394 | 0.109 | 0.427 
C2 | 0.091 | 0.105 | 0.356 0.112 | 0.257 
C3 | 0.003 0.025 0.025 0.106 0.014 
C4 0.008 0.042 0.000 
C5 (tip) 0.000 0.006 0.000 
Active: 
D1 (base) 0.465 0.069 0.267 
D2 0.310 0.056 0.267 
D3 : 0.089 0.032 0.044 
D4 -_ 0.021 0.029 0.000 
D5 (tip) 0.000 0.026 0.000 
Young: 
El (base) 0.205 | 0.080 | 0.151 
E2 0.033 0.042 0.116 
E3 | 0.019 0.026 0.060 
E4+5 (tip) 0.000 0.025 0.000 
Stem: 
Basal (cortex).. | 0.149 | 0.185 0.347 0.530 | 0.538 
‘¢ (pith) 0.268 | 0.143 | 0.131 0.440 | 0.567 
Apical (cortex) | 0.350 0.366 0.356 0.257 0.231 
= (pith) 0.535 | 0.544 | 0.144 | 0.300 | 0.280 


md. 


0.169 
0.068 
0.044 


0.019 


0.066 
0.072 
0.058 
0.057 
0.022 


0.058 
0.023 
0.031 
0.017 
0.023 


0.039 
0.028 
0.025 
0.028 








105 DAYS 
Ex- Cov- 
POSED ERED 
mq. mg. 
0.495 0.520 
0.316 0.433 
0.019 0.163 
0.004 

0.672 0.163 
0.427 0.178 
0.012 0.150 
0.002 0.116 
0.000 0.079 
0.642 0.061 
0.427 0.037 
0.020 0.024 
0.002 0.021 
0.000 0.026 
0.357 0.046 
0.171 0.033 
0.015 0.021 
0.005 0.022 
0.608 0.588 
0.924 0.588 
0.463 0.562 
0.602 0.575 
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Fig. 8. Milligrams of different fractions of inorganic, soluble organic, and protein 


nitrogen per gram of fresh weight in different sections of the leaves of groups B, C, D, 
and E of exposed (A) and covered (B) pineapple shoots at the end of the 56-day period. 


the interval between applications of fertilizer salts and time of harvesting. 
The results show, in general, that in pineapple leaves devoid of chlorophyll, 
nitrate is not reduced and converted to organic nitrogen compounds at the 
same rate that it is reduced and converted in chlorophyllous leaves. With 
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respect to the distribution of inorganic and organic nitrogen in the exposed 
and covered shoots removed at the end of the 56-day period, the data in 
table VIII show the following conditions: 

1, Ammonium was present in relatively small amounts in the various 
sections of the leaves and stem of the covered and exposed shoots. The dis- 
tribution of nitrate in the two lots of shoots and the conditions favoring or 
inhibiting its assimilation have been discussed. 

2. The amounts of soluble amide nitrogen (glutamine and asparagine) 
increased from the transitional subchlorophyllous (no. 2) section to the 
terminal sections of the leaves of groups B and C of the exposed shoots. In 
the covered shoots this trend was not well pronounced. The basal non- 
chlorophyllous sections contained relatively larger amounts of amide nitro- 
gen than the transitional sections immediately above. The quantities of 
amide nitrogen in the D group of leaves of the covered shoots increased 
from the transitional (no. 2) to the terminal (no. 5) section. In the E 
group of leaves of the covered shoots the amounts of amide nitrogen were 
relatively great in the basal section, while in the transitional and chlorophyl- 
lous sections they were appreciably smaller. 

There are no data for the amide nitrogen content of the leaf groups D 
and E of the exposed plants because of the accidental loss of samples. 

3. Alpha-amino nitrogen was relatively very abundant in most sections 
of the leaves and of the stem. Its distribution in the mature leaves of ex- 
posed shoots increased from the basal (no. 1) to the terminal (nos. 4 and 5) 
sections. In comparable sections of the leaves of the covered shoots, the 
trend of this distribution was irregular. In the active D and in the young 
E groups of leaves of the exposed shoots, where production of new tissues 
had not reached completion, more alpha-amino nitrogen accumulated in the 
basal than in the terminal sections. In the D and E groups of leaves of the 
covered shoots the trend of alpha-amino nitrogen distribution was practi- 
cally the same as in the exposed shoots, excepting that the quantities were 
relatively smaller. The amounts of alpha-amino nitrogen in the cortex of 
the mature and aged basal section of the stem of the exposed shoots were 
greater than those in the cortex of the young and growing apical section, 
indicating that alpha-amino nitrogen was utilized more rapidly in the grow- 
ing than in the mature tissues of the stem. In the covered shoots the 
amounts of alpha-amino nitrogen in the cortex of the stem were generally 
greater in the apical than in the basal sections, indicating accumulations in 
the former tissues resulting possibly from a retardation in the normal proce- 
esses of new growth due to covering. The amount of alpha-amino nitrogen 
in the pith of the stems of both the exposed and covered shoots was greater 
in the apical than in the basal section, being practically twice as great in the 


apical section of the covered shoots as in the basal section. These results 
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indicate possibly either an interruption in the movement of this substance to 
other sections of the plant or non-utilization resulting from retarded growth 
activity. 

4. Rest soluble organic nitrogen, consisting of various unidentified ni- 
trogenous compounds, was present in comparatively great quantities in both 
exposed and covered shoots. In the B and C groups of leaves of both lots 
of shoots, rest soluble organic nitrogen increased from the transitional sub- 
chlorophyllous (no. 2) to the terminal (nos. 4 and 5) sections. In the basal 
non-chlorophyllous (no. 1) sections the quantities of rest soluble organic 
nitrogen were greater than in the transitional (no. 2) sections immediately 
above. The amounts of this nitrogen fraction were consistently greater in 
the sections of the leaves of the exposed than in those of the covered shoots. 

In the exposed lots of shoots the amounts of rest soluble organic nitrogen 
were less in the terminal chlorophyllous sections of the more active D group 
of leaves, possibly because they were utilized more rapidly for new growth 
in the meristematic tissues of the basal (no. 1) sections, than in comparable 
sections of such groups of leaves as B and C, which had apparently com- 
pleted their growth. In the terminal sections of the young E group of 
leaves of both lots of shoots, the amounts of rest nitrogen were very low, 
indicating a much higher rate of utilization, and consequently of growth, in 
the meristematic tissues of the basal sections of this group (E) than in those 
of the D group of leaves. It will be observed that the value for rest soluble 
organic nitrogen in the basal non-chlorophyllous (no. 1) section of the 
young E group of leaves of the covered shoots, composed mostly of meriste- 
matic tissues, was considerably higher than for the corresponding section of 
the exposed shoots, indicating probably that the rate of utilization was not 
as great in the former as it was in the latter. 

The distribution of rest soluble organic nitrogen varied in the cortex and 
pith of the two sections of the stem of the exposed and covered shoots. The 
amounts were small in the cortex of the basal section and great in the upper 
or apical section of the stem of both lots of shoots. The pith of both the 
apical and basal stem sections of both lots of shoots contained relatively 
great quantities of rest soluble organic nitrogen. 

5. Protein nitrogen accumulated in the various sections of practically all 
groups of leaves of the exposed shoots in amounts approximately 1.5 to 2.0 
times greater than those found in comparable sections of the leaves of the 
covered shoots. The comparatively greater amounts of chlorophyll in the 
exposed than in the covered shoots and also the more favorable conditions 
for photosynthesis and carbohydrate accumulation for the former than for 
the latter shoots were doubtless factors which also favored the synthesis of 
proteins. Protein accumulated in greater amounts in the pith of both the 


apical and basal sections of the stem of the exposed than of the covered 
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shoots. The difference between the amounts of protein in the cortex of the 
apical sections of the exposed and covered shoots was very small. In the 
absence of similar data for the cortex of the basal section of the stem of the 
covered shoots no contrasts can be made between this portion of the two lots 
of shoots. If we contrast the distribution of protein in the different sections 
of the stem of the exposed shoots we find that it is greater in the cortex of 
the basal than in that of the apical section of the stem, indicating possible 
storage of this substance in tissues which had completed growth. 


DISTRIBUTION OF SUGARS 
Reducing sugars were determined by Bertrand’s method as presented by 
Kertesz (11). Sucrose was determined after hydrolysis with invertase. 


x 
TABLE IX 
AMOUNT OF REDUCING SUGARS IN DIFFERENT SECTIONS OF THE LEAVES AND STEM OF EX- 
POSED AND COVERED PINEAPPLE SISTER SHOOTS ATTACHED TO THEIR 
MOTHER PLANT FOR DIFFERENT PERIODS OF TIME. BASED ON 
PERCENTAGE OF FRESH WEIGHT 





PERIODS 





PLANT 17 DAYS 56 DAYS 77 DAYS 105 DAYS 
SECTIONS ic. ‘ : eR 
Ex- Cov- Ex- Cov Ex- Cov Ex- Cov 
POSED ERED POSED ERED POSED ERED POSED ERED 
Leaves: | % or Oo, a 4 ial P re 
Old: . . /o C C C 
Bl (base) 2.12 2.09 2.36 2.44 2.58 07 1.90 1.81 
B2 A 2.14 2.00 2.42 2.35 2.93 2.11 1.85 1.68 
B3 | 1.59 1.16 1.62 2.18 2.03 10 1.76 1.62 
B4 (tip) 1.52 2.12 1.90 1.71 1.47 
Mature: 
Cl (base) | 1.50 2.00 2.11 2.44 2.61 2.23 2.03 1.77 
C2 .. 1.70 1.83 1.94 2.22 2.55 2.15 1.89 1.98 
C3 1.80 1.62 1.69 1.87 2.04 1.90 1.41 1.62 
C4 1.85 2.01 1.92 8 1.45 1.50 
C5 (tip) 2.00 2.05 1.87 2 1.85 2.3 
Active: 
D1 (base) } 1.44 2.01 1.59 2.11 1.91 1.60 
D2 1.44 1.99 1.89 1.89 1.60 1.82 
D3 1.13 1.73 1.96 1.73 1.81 1.49 
D4 1.64 1.75 2.13 1.77 1.83 1.53 
D5 (tip) | 2.12 1.85 2.60 2.00 1.63 1.52 
Young: 
El (base) a 1.73 1.44 1.64 1.28 1.80 1.08 
2 a4 1.78 1.95 1.73 1.90 1.65 2.01 
E3 >A 2.01 1.84 1.80 1.70 2.11 1.87 
E4+5 (tip) 1.95 2.52 1.54 2.17 2.01 
Stem: 
Basal (cortex) 1.95 1.86 2.11 1.84 1.90 1.64 1.34 1.17 
‘¢ (pith) | 1.41 2.11 1.75 1.90 0.93 0.64 0.68 0.76 
Apical (cortex) 1.95 1.84 1.63 2.01 1.40 0.83 0.73 
= (pith) 1.34 0.92 0.95 0.9 67 0.25 0.27 
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The distribution of reducing sugars in the various sections of the leaves 
and stem of exposed and covered shoots removed at the end of all the four 
different experimental periods is reported in table IX, and that of sucrose 
in table X. The data on reducing and total sugars and sucrose for the 
exposed and covered shoots removed at the end of the 56-day period are 
presented graphically in figure 9. 


TABLE X 
AMOUNT OF SUCROSE IN VARIOUS SECTIONS OF THE LEAVES AND STEM OF EXPOSED AND 
COVERED PINEAPPLE SISTER SHOOTS ATTACHED TO THEIR MOTHER PLANT FOR 
DIFFERENT PERIODS OF TIME, GIVEN IN PERCENTAGE OF 
FRESH WEIGHT 


PERIODS 


56 DAYS 77 DAYS 105 DAYS 


SECTIGNS 


Cov- Ex Cov Ex Cov- Ex Cov- 
ERED POSED ERED POSED ERED POSED BRED 


Leaves : ‘, %, ’ Yp % 
Old: 


Bl (base) 

B2 

B3 

B4 (tip) 
Mature: 

Cl (base) 


C2 


D1 (base) 
D2 

D3 

D4 

D5 (tip) 


Young: 
El (base) 
E2 
E3 
E4 +5 (tip) 
Stem: 


0.35 
0.35 


0.51 


0.24 
0.25 
0.74 
1.08 


0.32 
0.32 
0.83 
0.85 
1.19 


0.44 
0.38 
0.74 
1.18 

28 


0.43 
0.19 
0.68 
0.97 





Basal (cortex) 0.61 0.49 AS Bay 5s 0.32 
é6 (pith) ...... 0.72 0.86 6: 68 f f 0.31 
Apical (cortex) 0.66 .76 62 Be of 1.41 
5 (pith) 0.93 7 0.74 8: F 1.16 


Examination of the data in table [X shows, with certain exceptions, that 
the amounts of reducing sugars in the sections of the leaves of the exposed 
shoots were not appreciably greater than those of the covered shoots. The 
amounts of reducing sugars in the cortex of both the apical and basal sec- 
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different sections of the leaves and stem of exposed (A) and covered (B) pineapple 
shoots at the end of the 56-day period. 

tions of the stem were greater for the exposed than for the covered shvots. 
The distribution of the quantities of these sugars in the pith was very 
irregular. This may be explained on the supposition that reducing sugars 
are readily converted in the pith—a storage organ—into either sucrose or 
starch, the two latter being more suitable as reserve substances than the 
former. 


The data on the distribution of suerose in comparable sections of the 


leaves and stem of the two lots of shoots show, according to the values in 
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table X, greater amounts for the exposed than for the covered shoots. There 
are a few exceptions, occurring mostly in the basal non-chlorophyllous sec- 
tions of the leaves and in the basal section of the stem, which cannot be 
explained satisfactorily. The greater amounts of sucrose in the chlorophy)- 
lous sections (nos. 3, 4, and 5) of practically all the groups of leaves of the 
exposed shoots constitute the only positive evidence of sugar accumulations 
under conditions favorable for photosynthesis. Also, the greater plant 
weights and greater accumulations of proteins in the sections of the leaves 
of the exposed than in the sections of the leaves of the covered shoots, pro- 
duced at the expense of leaf sugars or of other carbohydrates, constitute 
additional evidence of greater carbohydrate synthesis in the former than in 
the latter shoots. 
CALCIUM 


Calcium was determined for purposes of comparison with nitrate, since 
the bulk of the nitrogenous salts were supplied to the experimental mother 
plants as Ca(NOQ;).. Analytical data for the shoots removed at the end of 
the 105-day period are presented in table XI. They show, in general, that 
calcium was absorbed in considerably greater quantities by the exposed than 
by the covered shoots. These quantities were from 1.18 to 12.33 times 
greater in the various sections of the leaves of the exposed than of the 
covered shoots. The stem contained greater amounts of calcium than the 
leaves. Most of the calcium in the stem was confined to the pith, which 
contained approximately from 1.4 to 2.0 times more calcium than the cortex. 
The amounts of calcium in the stem sections of the exposed shoots were from 
1.19 to 1.45 times greater than in the covered shoots. The data indicate 
generally that the movement of calcium from the mother plant to the stem 
of the covered shoots was not as much interrupted as its translocation from 
pith to cortex and then to leaves. The quantities of calcium in the leaves 
increased from the transitional (no. 2) to the terminal (no. 5) sections, 
being in many eases slightly higher in the basal non-chlorophyllous (no. 1) 
than in the transitional (no. 2) sections. The sections of leaves of chrono- 
logically and physiologically advanced groups, excepting the old and senile 
3 group of the exposed shoots, contained, in general, more calcium than 
those of the less mature and young leaf groups. The distribution of calcium 
in the different leaf groups of the covered shoots did not vary as much as it 
did in those of the exposed shoots. 


Discussion 


The experimental data presented indicate that the growth and physio- 
logical behavior of two sister shoots, one exposed to light and the other kept 
in darkness while attached to their mother plant, were influenced consider- 
ably by these conditions. 
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TABLE XI 


MILLIGRAMS OF CALCIUM PER GRAM OF FRESH WEIGHT IN VARIOUS SECTIONS OF THE LEAVES 
AND STEM OF EXPOSED AND COVERED PINEAPPLE SHOOTS ATTACHED TO 
THEIR MOTHER PLANT FOR 105 DAYS 


RATIO: 
PLANT SECTIONS EXPOSED SHOOTS | COVERED SHOOTS EXPOSED 
COVERED 








— mg. mg. 
Bl (base) ................ 2.000 1.700 1.18 
B2 S 2.200 0.900 2.45 
B3 2.900 1.600 4.82 
B4 (tip) 5.200 
Mature: 
Cl (base) 2.700 0.600 4.50 
C2 2.000 0.400 5.00 
C3 3.700 0.300 12.33 
C4 4.800 0.400 12.00 
C5 (tip) 7.800 0.800 9.75 
Active: 
D1 (base) 1.900 0.400 4.75 
D2 1.500 0.500 3.00 
D3 1.700 0.500 3.40 
D4 2.900 0.800 3.63 
D5 (tip) 5.400 1.000 5.40 
Young: 
El (base) 1.000 0.500 2.00 
v2 1.200 0.600 2.00 
E3 +4 1.600 0.600 2.67 
E4+5 (tip) 3.400 0.800 4.25 
Stem: 
Basal (cortex) 5.800 4.000 1.45 
‘¢ (pith) 9.500 8.200 1.19 
Apical (cortex) 7.400 5.600 1.32 
1.340 8.000 1.42 


13 (pith) ] 


Judging from the behavior of the exposed and covered shoots, one may 
safely state that the chlorophyllous leaf tissues of the covered shoots suffered 
from serious physiological injury because formation of new chlorophyll was 
inhibited and that already present underwent some decomposition. With 
the onset of this latter condition, especially in the terminal sections of aged 
leaves, a gradual dehydration and death of the tissues involved followed. 
Any movement of organic substances from the mother plant to the shoots 
possibly aided only the growth and maintenance of the tissues of the non- 
chlorophyllous sections of the leaves and the meristematic ones of the stem, 
but not the highly differentiated chlorophyllous tissues of the leaves. 

The shoots kept in darkness were more succulent, that is, they contained 
greater amounts of water per unit of fresh tissues, because they were unable 
to increase total organic matter as well as the solute content of their sap with 


the cessation of photosynthesis. 
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The data on the distribution of calcium, nitrate, titratable acidity and 
soluble organic nitrogen are in harmony with those of electrical resistance. 
The values of electrical resistance for the sections of the covered shoots were, 
with a few exceptions, higher than those for comparable sections of the 
exposed shoots, indicating smaller amounts of electrical-conducting solutes 
in the sap of the former shoots. 

The chlorophyllous sections (nos. 3, 4, and 5) of the leaves of exposed 
shoots contained approximately from 2 to 10 times greater amounts of 
titratable acidity than comparable sections of the leaves of the covered 
shoots. The extremely small amounts of titratable acidity in covered shoots 
may be attributed to cessation of organic acid synthesis in the absence of 
light and to the utilization of the previously produced and reserve organic 
acids in the tissues by the protoplasm either as a source for energy or for 
other metabolic processes. The data suggest that there are possibly two 
distinct types of physiological processes for the generation of organic acids 
in the non-chlorophyllous and in the chlorophyllous tissues of pineapple 
leaves and of the stem. It appears that the processes involved in the genera- 
tion of organic acids in the chlorophyllous tissues of the leaves are closely 
associated with those of photosynthesis because they are favored in the 
presence and are inhibited in the absence of light or possibly of carbohy- 
drates. Whereas, the processes which favor the formation of organic acids 
in the stem and in the non-chlorophyllous tissues of the leaves appear to be 
of a respiratory nature, possibly resulting from the incomplete oxidation of 
carbohydrates. SporHrR (25) has reviewed the literature on organic acid 
synthesis and mentions briefly in his book (chapter 5) the theory of Liebig, 
who considered organic acids as intermediate products in the synthesis of 
carbohydrates, and that of RocHLEDER, who assumed that carbon dioxide was 
reduced to carbon monoxide and the latter was converted to formaldehyde 
and then to formic acid, which, uniting with carbon dioxide, formed oxalic 
acid. RUHLAND and Wotr (20) have concluded their review of this subject 
as follows ‘‘... malice acid metabolism is probably linked with that of 
carbohydrates, either in the process of respiration or of photosynthesis.’’ 
BENNET-CLARK (2,3) has proposed, in his extensive review and critique of 
the literature on the rédle of organic acids in the metabolism of plants, a 
reconsideration of Baeyer’s hypothesis, in favor of that of Liebig, for a more 
rational interpretation of the mechanism of photosynthesis in view of recent 
studies (2) which have suggested that malic acid is converted to carbohy- 
drates and that different concentrations found at different times of day are 
due, in part, to temperature differences and possibly also to different oxygen 
tensions in the tissues. Vickery ef al. (33) have followed the fate of malic 
acid in excised tobacco leaves kept in nutrient solutions and in darkness for 
159 to 279 hours, and state that the amounts of malic acid which disappeared 
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were greater than those of asparagine found in the tissue, and also that the 
total acidity did not change significantly. They also observed that the 
amounts of citric acid increased almost in direct proportion with the amounts 
of malic acid which had disappeared, this suggesting transformation of malic 
to citric acid. Our findings suggest that an entirely different kind of mech- 
anism for the disappearance of organic acids operated in pineapple leaves 
than that observed by Vickery et al. (33) in tobacco leaves because the quan- 
tities of acids in pineapple leaves decreased in practically all cases. 

The data suggest, in gener’, that the organic acid reserves in the chloro- 
phyllous sections of the leaves may act, possibly ai'ter decarboxylation, as 
sources of energy in the metabolism of pineapple plants. 

The amounts of nitrate in the stem and in the non-chlorophyllous tissues 
were comparatively very high, indicating that assimilation of nitrate in these 
sections was either very slight or probably non-existent. The etiolated chloro- 
phyllous sections of the leaves of the covered shoots contained compara- 
tively large amounts of nitrate, indicating that the rate of nitrate assimila- 
tion had decreased considerably in the absence of chlorophyll and light and 
possibly because of a lack of sufficient amounts of carbohydrates. The influ- 
ence of light and of chlorophyll and carbohydrate content on the assimilation 
of nitrate in the chlorophyllous sections of leaves cannot be segregated in 
physiological investigations in determining the specific agent or agents for 
the activation of the mechanism of nitrate assimilation. ANDERSON (1) 
observed that the amounts of nitrate in the etiolated leaves were higher than 
those found in the green leaves of wheat, oats, and cabbage. These findings 
are in harmony with ours. ScHIMPER, according to MILLER (13) found that 
nitrates became depleted in green leaves exposed to daylight but that they 
did not do so in leaves kept in the dark; also that nitrates disappeared in 
green but not in etiolated leaves. Webster (34) found that the roots and 
stem of soy-bean plants contained, at about the time the seeds matured, 
greater amounts of nitrate than the leaves. The literature, as reviewed in the 
first paper of this series (21), shows that nitrate is reduced in different 
plants in light as well as in darkness, and in the presence as well as in the 
absence of chlorophyll. These generalizations, however, may not hold for 
all organs of all plants. Indeed, our evidence from the pineapple plant 
suggests that in the roots, stem, and non-chlorophyllous sections of leaves 
of pineapple plants nitrate is assimilated either very slowly or probably not 
at all, while in the chlorophyllous sections of the leaves (with the exception 
of etiolated leaves kept in the dark) nitrate assimilation is very rapid. The 
set of conditions essential for the assimilation of nitrate by pineapple plants 
may differ considerably from that for other plants belonging to different 
orders and families. If this point of view, 7.¢., that the set of conditions 
necessary for the assimilation of nitrate is different for different plants, is 
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taken into consideration, it may help us in finding order in the chaos of 
contradictory evidence. 

The distribution of reducing sugars in the various sections of the leaves 
and stem of the exposed and covered shoots show, as may be seen in table IX, 
that reducing sugars were present in greater quantities in the cortex of the 
exposed than in that of the covered shoots, while the values for all other sec- 
tions were inconsistent. With respect to sucrose distribution, the values in 
most plant sections were higher for the exposed than for the covered plants. 
These results are in agreement with those of Stangescu (26) who observed 
that in the leaves of Acer negundo and Medicago sativa the amounts of mono- 
saccharides remained practically unchanged during both day and night, 
while the amounts of disaccharides diminished appreciably at night and 
showed a marked increase during the day. Variations in the sugar content 
of different plant sections possibly indicate either a high or a low rate of 
anabolic or catabolic processes, or some specialization in the physiological 
function of the section or organ. The variation in the content of sucrose or 
of other substances in different sections may be interpreted if one takes into 
consideration the photosynthetic ability of different leaf groups, the physio- 
logical functions of different sections and the growth activities of the plant 
at its different stages of development. For instance, sucrose was found in 
greater quantities in the terminal sections (nos. 4 and 5) of the mature C 
and fully expanded D group of leaves of the exposed shoots than in the 
E group of leaves, because of rapid sucrose utilization in the rapidly growing 
basal tissues of the latter group of leaves. The greater amounts of sucrose 
in the C and D groups of leaves and smaller amounts in the B group may be 
attributed to greater protoplasmic vigor and photosynthetic activity in the 
former than in the latter leaves. PArkrin (16) observed in Galanthus nivalis 
that the sugar content of the leaf increased from the terminal to the basal 
sections, while the ratio of sucrose to hexose diminished in the same direction. 
This corresponds approximately with the results obtained for pineapple 
leaves. 

The distribution of calcium, as presented in table XI, shows that this 
substance was absorbed in greater amounts by the exposed than by the 
covered shoots. The amounts of calcium and of nitrate in the non-chloro- 
phyllous sections of the leaves and stem of both exposed and covered shoots 
ran parallel in all groups of leaves, suggesting that both substances were 
absorbed at approximately equal rates. In the chlorophyllous sections of 
the leaves no comparison can be made between calcium and nitrate content, 
owing to the disappearance of the latter through assimilation. No claim is 
made that calcium and nitrate were absorbed in equimolecular proportions, 
because other unpublished data have clearly demonstrated that nitrate, 
under certain conditions, is absorbed at a greater rate than calcium. The 
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fact that calcium accumulates in the apical section of the stem is of great 
interest. Because of probable incomplete development of conducting ves- 
sels in this meristematic tissue, as is true in other plants, movement of 
solutes is by diffusion only and is, therefore, slow so that accumulation 
results. Stewart and ArtHurR (28) have observed that decreased light 
intensity during the summer increased the dry weight, ash, and phosphorus, 
but decreased the calcium content in Lycopersicum esculentum. Hippasp 
and Griassy (9) also found that potassium and calcium accumulated more 
rapidly in light than in darkness. FREELAND (8) observed that plants with 
a high transpiration rate, to which category our exposed shoots would belong, 
had higher values for dry weight, ash, calcium, phosphorus and potassium 
contents than plants with a low transpiration rate. 

It is also of interest to note that the amounts of organic acids in the leaf 
tissues, reported as titratable acidity, correlated with those of calcium, as 
found by CuarK (6) for the tomato plant and Vickery ef al. (33) for the 
tobacco plant. 

Summary 

Forty pairs of sister shoots, one pair per mother plant, were selected in 
the period from July 20 to 23, 1934, for uniformity and vigor after the ripe 
fruits of the mother plants had been removed. One of the shoots from each 
pair was covered with a bag made of green oil cloth which fitted very loosely 
around the shoot; the other was left exposed. Both covered and exposed 
sister shoots were left attached to their mother plants for periods of 17, 56, 
77, and 105 days, respectively. Between 5 and 10 pairs of sister shoots, 
representing equal numbers of covered and exposed shoots, were harvested 
at the end of each period and were studied for growth, distribution of mois- 
ture, chlorophyll, electrical resistance, acidity, calcium, and nitrogen and 
sugar fractions in different sections of the leaves and stem. The results 
were as follows: 

1. The weights of the covered shoots were less at the end of the 77- and 
105-day periods than those of the exposed shoots, indicating retardation but 
not necessarily complete cessation of growth. 

2. The moisture content of the various sections of the leaves and stem was 
consistently greater for the covered than for the exposed shoots, indicating 
that the total solids, including organic and inorganic substances, per unit 
of fresh tissues, were greater for the exposed than for the covered shoots. 
3. There was a breaking down of chlorophyll in the leaves of covered 
shoots which had developed before covering and chlorophyll did not form 
in the leaves that were produced after covering. The chlorophyll content 
of the exposed shoots varied from one period to another. 

4. The electrical resistance of the extracted sap, reported in ohms, was 
greater for the covered than for the exposed shoots, indicating a greater 
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content of electrolyte solutes in the sap for the exposed than for the covered 
shoots. 

5. Titratable acidity, reported as percentage of citric acid, was greater 
in the chlorophyllous sections of the exposed than of the covered shoots. In 
the non-chlorophyllous sections of the leaves and in the stem, these values 
were higher for the covered than for the exposed shoots. The results indi- 
cate that the titratable acidity content of the chlorophyllous sections of the 
covered shoots did not increase during the period in which they were covered, 
but decreased instead, probably as a result of an inadequate carbohydrate 
supply. Thesmaller amounts of organic acids in the chlorophyllous sections 
of the covered shoots were attributed to decarboxylation and the utilization 
of the by-products by the protoplasm, either as a source of energy or for the 
synthesis of more complex compounds. The production of organic acids 
in the chlorophyllous sections of the leaves appeared to be associated either 
directly or indirectly with photosynthetic processes, since it was favored by 
light and inhibited by darkness. The generation of organic acids in the 
non-chlorophyllous tissues of the stem and leaves is of a respiratory type, 
because organic acid formation was favored by darkness. 

6. Nitrate nitrogen was more abundant in the non-chlorophyllous sections 
of the leaves and in the stem of the exposed than in those of the covered 
shoots, indicating a higher rate of absorption in the former than in the latter 
shoots. Values for total organic nitrogen were generally higher for the 
exposed than for the covered shoots, which is in harmony with the data 
on nitrate absorption. The relative rate of nitrate assimilation decreased 
considerably in the chlorophyllous sections of the leaves of the covered shoots, 
as indicated by the amounts of unassimilated nitrate; this may also account 
for the lower values of organic nitrogen in the covered than in the exposed 
shoots. 

7. There was no outstanding difference in the amounts of reducing sugars 
found in the exposed and in the covered shoots, which indicates that these 
substances were either translocated to other parts of the plant or were con- 
stantly regenerated from other more complex compounds stored in the tis- 
sues. Sucrose was consistently present in greater amounts in the tissues of 
the exposed than in those of the covered shoots. Variations in the sucrose 
content of different leaf and stem sections are discussed. 

8. Calcium was found in greater quantities in the leaf and stem sections 
of exposed than of covered shoots, indicating that absorption was greater 
by the former than by the latter shoots. The amounts of calcium were 
greater in the pith of the apical section of the stem than in any other section. 
It is suggested that these large amounts of calcium in the meristematic 
tissues of the stem may be the result of accumulation due to incomplete 
development of conducting vessels. 
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9. The data show, in general, that sister shoots receiving a great amount 


of their inorganic nutrition and water supply by way of the roots and stem 
of the mother plant differ considerably in their physiological behavior and 
chemical composition when one is exposed to light and the other is kept in 





darkness. 
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RESPIRATION OF CEREAL GRAINS AND FLAXSEED’ 


GC. 2« Batis 


(WITH FIVE FIGURES ) 


Introduction 


In earlier papers by Batmtey (2, 3) and Bamey and Gursar (4, 5a, 5b, 
5e, 5d), the researches in this field prior to 1921 were reviewed, and the rela- 
tionship of moisture content, damaged and broken kernels, and various 
other factors to the relative level of respiration of wheat, rice, and corn 
(maize) was traced. These laboratory investigations paralleled or supple- 
mented certain large scale, or practical, studies of grain storage. It became 
evident that the prediction of the behavior of stored grain as determined 
by chemical composition, physical characteristics, and the several biological 
factors involved in keeping qualities, is not a simple matter. The weighting 
of these several variables, and the extent to which they are related to fac- 
tors of environment, including climatic conditions, composition of the air 
in the grain bin, and ventilation becomes very involved. Despite these 
practical difficulties, it still appears that the laboratory attack upon certain 
of the details of this problem is a logical procedure and will ultimately lead 
to the most satisfactory solutions. 

Observations made during commercial operations of grain handling and 
storage, while interesting and useful as respects the individual parcels of 
grain involved, are of limited value in effecting an analysis of the several 
factors operative in such instances. Thus there is a definite lack of control 
of many variables in these cases, certain of which cannot even be held 
constant during any extended period. Moreover, there is also the formid- 
able item of expense when the storage of thousands of bushels of grain is 
involved, which places such work outside of the reach of modest research 
budgets. 

Sinee the publication of the papers cited above, several contributions to 
the literature have appeared, and certain of these tie into the researches 
reported in this paper so definitely as to necessitate a brief review of them 
before detailing the data accumulated by the author. CoLemMan, RoTHceEs, 
and Fetitows (10) observed much the same relationships between moisture 
content, and other factors of quality of sorghum, and the rate or respiration 
as measured in terms of CO, produced per unit of time and material, that 
had previously been reported for corn (maize) by Bamry (2). The actual 
levels of respiration were lower in sorghum than in maize, however. 

BAKKE and NoEcKER (6) studied the relation of moisture to respiration 

1 These studies were made possible by a grant from the Research Funds of the Gradu- 
ate School of the University of Minnesota. 
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and heating in stored oats. They concluded that heating is negligible when 
the moisture is below 15.0 per cent. The same rapid increase in rate of 
respiration as the moisture increased was observed in this study as had 
previously been found to be true of corn, wheat, and sorghums. The high 
temperatures developed in moist grain during self-heating was found to 
lower the vitality of the seed. These authors attributed temperature 
variations of various samples at the same moisture level to variations in the 
fungal flora of different seed lots. 

Browne (7) gives a good historical review of the early observations of 
the spontaneous heating of agricultural products and a critical discussion of 
past and present theories concerning the phenomenon. He points out that 
although heating is a common occurrence, the exact coincidence of all the 
conditions necessary for the spontaneous ignition of agricultural products 
is fortunately infrequent. He indicates that more information is needed on 
these subjects, such as the elementary analysis of the heating material, 
analysis of the solid, liquid and gaseous organic compounds that are pro- 
duced in both anaerobie and aerobic fermentation,wand knowledge of mois- 
ture migration and heat transference. 

AGronomorr (1) engaged in an extensive study of sound, dry cereal 
grains stored in large elevator bins. He observed that the thermal condue- 
tion of such material is low. The elevation of temperature in the summer is 
accordingly a function of the thickness of the layer where the grain is not 
disturbed. In the instance of moist oats containing 14.8 per cent. water, 
there was a substantial increase in temperature during the summer as con- 
trasted with dry oats containing 11.0 per cent. water. Moist grain during 
the summer should not be placed in outside or corner silos, he coneluded. 
He also comments on the increased development of granary weevils in conse- 
quence of the elevation of temperature in spring and summer. 

GILMAN and Barron (12) conclude that the temperatures reached in a 
bin of stored grain are due to the interaction of several factors. These 
include the ‘“‘heat of germination’’ itself and temperatures generated by the 
growth of molds developing on the grain saprophytically. JAmEs, ReTrGeEr, 
and THom (16) as part of their study of microbial thermogenesis had pre- 
viously discussed the production of heat which accompanies the growth of 
micro-organisms, contending that in the presence of air or oxygen micro- 
organisms are capable of producing comparatively high temperatures. The 
fact that molds may effect an elevation of temperature when grown on suit- 
able organic substances had been shown repeatedly prior to this study. 

GILMAN and Barron (12) undertook their investigation with the object 
of isolating and evaluating the role of each of these two sources of heat in 
the temperature increase occurring in stored grains. They compare the 
temperatures reached when sterilized oats, wheat, and barley at 18 to 30 per 
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cent. moisture levels are stored in Dewar flasks. The seeds were inoculated 
with three species of Aspergillus while uninoculated seeds served as con- 
trols. In these experiments the temperature of the check samples remained 
approximately the same during a six-day period while the samples with 
fungal growth rose rapidly from a temperature of 30° to 50° C. In this 
connection Winson (22) has suggested that a temperature of 30° C. affects 
the protoplast of the kernel in a manner which permits the outward leaching 
of soluble food materials that are readily attacked by the fungi commonly 
present. 

Swanson (21) states that a relatively high moisture content will accel- 
erate respiration in the grain and favors the growth of molds, both of which 
will generate heat. The percentage of moisture at which molds developed 
was closely related to the temperature, since there was no mold growth on 
wheat stored at 60° F. even though the moisture content of the wheat was 
18 per cent. Mold growth is considered an indication of damage in stored 
grain. 

Rozsa (19) discussed Paps’s investigation which indicated that moldi- 
ness did not become a prominent factor in wheat spoilage until the relative 
humidity of atmospheres in hygroscopic equilibrium with the grain exceeded 
75 per cent. This level of humidity is in equilibrium with wheat containing 
about 15 per cent. of moisture according to the average of Paps’s data, which 
does not agree with that of CoLEMAN and FELLows (9), since the latter 
found that 17 to 17.5 per cent. of moisture was in equilibrium with a 75 per 
cent. relative humidity. Moreover, SkovHouir and Bartey (20) found that 
common molds, including Penicillium expanium and Rhizopus nigricans, 
were very sensitive to humidity levels and failed to grow on bread crust 
until the humidity was in excess of 85 per cent. and the moisture content of 
the material about 20 per cent. Aspergillus niger grew at a slightly lower 
level of humidity but only to a very slight degree at 85 per cent. humidity. 
Incidentally, a humidity of 85 per cent. was found by CoLEMAN and FEL- 
Lows (9) to be in equilibrium with wheat having a moisture content of about 
21.5 per cent. although Paps’s findings placed the equilibrium point at about 
18 per cent. moisture. 

Even though these several studies do not entirely agree, it does appear 
that an acceleration of respiration of bulk wheat in consequence of mold 
growth is not likely to occur until the moisture content of the grain exceeds 
that which is safe for ordinary storage. In the writer’s judgment molds 
will not proliferate freely until the moisture content of wheat is in excess 


of 17.5 per cent. moisture, which is substantially above the level permitted 
under the U. 8. Grain Standards for the grades commonly accepted for 
delivery under contract. 

LARMORE, CLAYTON, and WRENSHALL (14) studied the respiration of 
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hard spring wheat. They realized that the true respiration of wheat is com- 
plicated by the respiration of fungi which develops on damp wheat. In this 
study the germination and growth of fungi was controlled effectively by 
toluene and carbon tetrachloride vapors. In the presence of these substances 
carbon dioxide was produced at a low rate and no heating occurred in wheat 
of 25 per cent. moisture content. 


Methods 


Samples of grain to be tested were brought to approximately 11, 13, 15, 
and 17 per cent. moisture levels by the addition of water to-weighed portions 
of dry (11 per cent. moisture or less) grain contained in large, tightly-stop- 
pered bottles. While moisture equilibrium was being attained the samples 
were stored at 2° C. to restrain the growth of micro-organisms until after 
the surface water had been absorbed by the interior tissues of the kernels. 
After three or four days of such storage the samples were brought to room 
temperature and thoroughly mixed, by using a grain divider, and the de- 
sired quantity (from 250 to 500 grams, depending upon the moisture con- 
tent) of the grain was weighed into the respiration chambers. 

The moisture content of the sample was determined, at the same time, by 
weighing out into Petri dishes duplicate 20-gram portions of grain. These 
samples were allowed to air dry in the laboratory and the loss in weight was 
noted carefully. The air-dried samples were then ground in a burr mill and 
two-gram portions weighed up for the final determination of moisture by the 
Association of Official Agricultural Chemists (1937) air oven method. This 
double moisture determination, while time consuming, is necessary if 
reliable moisture determinations are to be obtained on wetted grain, 

Several duplicate grain samples were placed in sheet-metal towers fitted 
with an inlet and outlet tube and otherwise tightly sealed. All rubber con- 
nections were thoroughly paraffined since carbon dioxide may diffuse 
through rubber not protected in some such manner. The metal grain cylin- 
ders were placed in an air thermostat maintained at 37.8° C. (100° F.) 
which is the temperature at which the earlier investigations were conducted 
by Batuey et al. 

The essential features of the apparatus for the absorption of carbon 
dioxide respired by grain are shown in figure 1. Entering air was passed 
through a gas meter in order to determine the total volume of gas displaced 
in the system. In all determinations sufficient air was admitted to replace 
four times the total volume of gas in the entire system. The incoming air 
was freed from carbon dioxide by conducting it through a large soda lime 
tower. This CO,-free air was then passed through a series of bottles con- 
taining sulphurie acid of the proper specific gravity to bring the escaping 
air to a relative humidity in equilibrium with the hygroscopic moisture con- 


tent of the grain to be aspirated in order to avoid moisture changes in the 
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Fic. 1. Diagram of apparatus used in determining the rate of respiration of grain. 


grain during the aspiration process. The data for adjusting atmospheres 
to the appropriate relative humidity were taken from the papers by CoLE- 
MAN and FELLOws (9), and Winson (22). 

The humidified CO.-free air forced the accumulated CO, from the respi- 
ration chamber into a measured quantity of standard barium hydroxide 
solution contained in specially constructed absorption vessels as indicated 
in the accompanying diagram. The mixture of air and respired CO, was 


forced down the central tube whence it rose slowly in small bubbles through 
the spiral tube. The barium carbonate precipitate fell to the bottom of the 
absorption tube and did not obstruct the continued passage of gas through 
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the solution. By regulating the flow of gas to a slow, steady stream a very 
effective absorption was attained. When heavy concentrations of carbon 
dioxide were encountered two or more units were connected together thus 
assuring that no appreciable carbon dioxide gas escaped absorption. An 
even current of gas through the absorption tubes could be maintained by 
applying a slight suction at the end of the entire system. This also pre- 
vented any rise of pressure in the system which might unseat the stoppers. 

Titration of the residual barium hydroxide was carried out directly in 
the absorption vessel against standard HC! solution with phenolphthalein 
as an indicator and using the glass spiral as a stirrer. The titration pro- 
cedure employed was similar to that used by Gurgar (15). Martin and 
GREEN (18) have shown that spiral absorbers are a very effective means for 
absorbing carbon dioxide and also that titrating directly in the absorption 
vessel in the presence of suspended barium carbonate does not cause a loss of 
earbon dioxide through the decomposition of the carbonate by the acid 
added during the titration. 

In the studies previously reported from this laboratory the CO, of respi- 
ration was allowed to accumulate for four days and was then removed and 
determined. This total was divided by four to give the average per 24 hours 
in which form it was recorded. The same procedure was followed in the 
researches here reported, and in addition a parallel series was provided from 
which the respired CO, was removed at the end of each 24-hour period for 
four consecutive days and the total divided by four to give the average per 
24 hours. Both sets of data are recorded in the following tables. It will be 
noted that daily aspiration resulted invariably in larger average vields of 
respired CO,, but the two sets of data yield curves of the same general shape 
if corrected for the differences in quantities involved. Accordingly it ap- 
pears that there is no singular advantage attached to one technique over 
the other in determining the effect of the several variables studied upon the 
relative level of respiration. 

Continuous aspiration was not attempted because of the obvious difficul- 
ties involved in preventing changes in the moisture content of the grain in 
consequence of the continuous passage of a current of air through it. 


Experimentation 


RELATION BETWEEN MOISTURE CONTENT AND RESPIRATION OF OATS 


Four varieites of clean, sound oats from the 1933 crop grown on the 
University Farm, St. Paul, Minnesota, were obtained for the determination 
of respiration rates at various moisture levels. In this study an attempt 
was made to obtain sufficient data so that the average value reported would 
give a correct indication of the rate of respiration of the grain under the 
conditions noted. Thus each value recorded for the four moisture levels 
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represented the average of at least eight separate determinations. It is 
obviously impractical to report all of these detailed data. Therefore, in 
addition to the use of average values for individual samples, further con- 
densation is accomplished by reporting only the average respiratory rate 
values of several samples. 

Table I and figure 2 indicate the average rate of respiration as a function 


TABLE I 


AVERAGE RATE OF RESPIRATION OF FOUR VARIETIES OF OATS 


CARBON DIOXIDE RESPIRED PER 24 HOURS PER 100 GM. DRY MATTER 


\SPIRATED AT END 





STURE JAILY ASPIRATIONS 
MOISTURE ] s OF FOUR DAY PERIOD 

% mg. mg. 
11.0 0.2 0.1 
13.0 0.7 0.2 
15.0 2.8 1.4 
17.0 13.5 8.0 
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Fic. 2. Respiration of oats showing the retarding influence of accumulated carbon 
dioxide on respiratory rate. 





of moisture content in the instance of three varieties of oats. The values 
reported in this and subsequent tables were obtained by plotting graphs of 
the individual respiration curves. By interpolation of these curves carbon 
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dioxide respired (in milligrams) at the moisture levels of 11, 13, 15 and 17 
per cent. was computed. When water was added to the dry samples of grain 
it was not possible to secure exactly the percentage of moisture desired; *: 
was seldom, however, that the actual moisture deviated from the desired 
level by more than 0.5 per cent. 

Table I and figure 2 present typical examples of the increase in rate of 
respiration of grain as the moisture content exceeds 15 per cent. Likewise, 
the retarding influence of accumulated carbon dioxide on the respiratory 
rate is plainly indicated. LarMorr, CLAYTON, and WRENSHALL (17) also 
found that the respiration rate in continuously aspirated grain was higher 
than when discontinuous aspiration was applied. With discontinuous 
aspiration the rate was dependent upon the free space in the container. 
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Fig. 3. Respiration of barley showing the influence of kernel size and the differences 


between ¢rop seasons, 


The average respiratory rate of all samples of oats compared with other 
grains is shown in table LX and figure 4. These values represent the accu- 
mulated carbon dioxide after a four-day undisturbed storage period and 
by computing the rate on the basis of milligrams of carbon dioxide respired 
per twenty-four hours per one hundred grams of dry matter. 


RELATION BETWEEN MOISTURE CONTENT AND RESPIRATION OF BARLEY 


The respiratory rate of barley at various moisture levels was determined 
in the same manner as that just described for oats. In order to compare, 
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from year to year, the respiration rate of barley grown in the same locality 
and on the same soil a further investigation was made by obtaining samples 
of barley grown at University Farm during the crop seasons of 1932, 1933, 
and 1934. In table II and figure 3 the data from the three crop years are 
recorded separately and it appears that the 1933 and 1934 crop samples 
behaved similarly, but that the respiration of the 1932 crop was considerably 
lower. This may be attributed in part at least, to the fact that the 1933 and 
1934 crop growing periods were extremely dry and, hence, the barley kernels 
were of smaller size and shriveled, while 1932 was a year of normal rainfall 
in the locality where the barley was grown which tended to produce more 
plump kernels. The viability of the barley samples for the three years was 
nearly the same. The relation between kernel size and rate of respiration 
will be discussed later on in this paper. It is evident from the data pre- 
sented in table II that at the same moisture level there is a variation in the 
likelihood of barley heating during storage, as crop conditions change from 
year to year. 
TABLE II 


COMPARISON OF THE RATE OF RESPIRATION OF BARLEY FOR THE YEARS 1932, 1933 anp 1934 


CO, RESPIRED PER 24 HR. PER 100 GM. 
DRY MATTER 


MOISTURE YEAR Br eee 
DAILY ASPIRATED AFTER 
ASPIRATION 4 DAYS 
% mg. mq. 
11.0 1932 0.1 0.05 
11.0 1933 0.1 0.05 
11.0 1934 0.3 0.20 
13.0 1932 0.3 0.1 
13.0 1933 0.7 0.4 
13.0 1934 0.7 0.4 
15.0 1932 0.8 0.5 
15.0 1933 2.6 2.0 
15.0 1934 3.0 2.4 
17.0 1932 4.9 2.8 
17.0 1933 11.6 9.1 
17.0 193 26.4 16.0 


The average respiratory rate of all samples of barley is reported in table 
IX and figure 4. Compared to other grains, barley is intermediate in its 
rate of respiration. 


RELATION BETWEEN MOISTURE CONTENT AND RESPIRATION OF RYE 


The rye samples included in this study evidenced a low respiratory rate 
as indicated by the values recorded in table III and shown graphically in 
figure 4. There should be a correspondingly reduced hazard of rye heating 
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Fie. 4. Comparative respiration of various grains and flax seed. 


during storage when harvesting conditions are normal. The small germ 
area of rye compared with the total area of the kernel, and the relatively 
smooth surface of the rye kernel, which is not conducive to micro-organism 
growth may both contribute to the low rate of respiration of this cereal 


RESPIRATION OF FLAXSEED 


Table IV and figure 4 indicate that flaxseed has the highest respiratory 
rate of any seed thus far reported. This is not unexpected in view of the 
high oil content of flax seed. The known fact that the embryo cells of seeds 
contain a high proportion of lipids and likewise respire much more vigor- 


TABLE III 


AVERAGE RATE OF RESPIRATION OF RYE 
CARBON DIOXIDE RESPIRED PER 24 HR. PER 100 Gu. 
DRY MATTER 
MOISTURE 


DAILY ASPIRATIONS ASPIRATED AT END OF 4-DAY 
PERIOD 
% mg. mg. 
ot oe 0.2 0.1 
13.0 0.5 0.3 
15.0 2.0 1.2 


17.0 9.3 5.1 
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TABLE IV 


AVERAGE RATE OF RESPIRATION OF FLAX 


CARBON DIOXIDE RESPIRED PER 24 HOURS PER 100 GRAMS 
DRY MATTER 


MOISTURE -— - — 
ASP TED AT EN *4-DA 
Dai¥ asvenavsens ASPIRATED \T END OF 4-DAY 
PERIOD 

%o mg. mq. 
11.0 2.5 1.4 
13.0 . 9.2 6.1 
TE sistant 48.4 23.9 
OE  caidctie 159.3 67.4 


ously than endosperm cells would suggest that oil seeds such as flax might 
be expected to have a higher respiratory level than farinaceous material. 
Another significant feature of this situation is the probable distribution 
of the moisture in an oil seed. When approximately 40 per cent. of the dry 
substance of a flaxseed is an oil that is essentially immiscible with water, it 
must follow that the actual moisture content of the hygroscopic substance 
present will be higher than in a farinaceous endosperm comprised largely 
of hydrophilic materials. Thus, for example, if we assume that a flaxseed 
contains 40 per cent. of oil (dry matter basis) that is immiscible with water, 
then an apparent moisture content of 10 per cent. of the entire seed might 
mean an actual content of water in the hydrophilic substances of approxi- 
mately 16.5 per cent. Applying such a correction to the data recorded in 
table IX and figure 4 would tend to bring the flaxseed values in line with 
those of the cereal grains. Of course the problem is not as simple as is sug- 
gested by such a calculation, but the issue raised here may be significant. 


RELATION OF RESPIRATION RATE TO THE GRAIN GRADE 


To determine the rate of respiration of samples of barley, oats, and rye 
such as are actually being handled and stored in the grain trade, composite 
samples of different grades of these three grains were obtained from the 
State Grain Inspection Department in Minneapolis. The Federal standards 
recognize a number of numerical grades of grain based on such factors as: 
limits of foreign material, test weight, damaged kernels, moisture, ete. Four 
grades of barley, three grades of oats, and three grades of rye were thus 
procured. Since the samples were composite ones no basis for the differen- 
tiation in grade ean be given. In all cases, however, the samples were com- 
posed of sound grain. 

The results of the study using these samples are recorded in tables V, 
VI, and VII. All grades show the same rapid rise in production of carbon 


dioxide when the moisture level is above 15 per cent. There is, moreover, 
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TABLE V 


COMPARISON OF THE RATE OF RESPIRATION OF FOUR GRADES OF BARLEY AT THE SAME MOISTURE 
INTERPOLATED VALUES 


MOISTURE 


% 
11.0 
11.0 
11.0 
11.0 


13.0 


—_ 
w 
ro) 


13.0 


_ 
ww 
oS 


at et et et et et 
NAN Crore 
oooo oooco 


LEVEL. 


GRADE 


No. 2 
No. 3 
Sample 
Feed 


No. 2 
No. 3 
Sample 
Feed 


No. 2 
No. 3 
Sample 
Feed 
No. 2 
No. 3 


Sample 
Feed 


CO, RESPIRED PER 24 HR. PER 100 Gm. 


DAILY ASPIRATION 


TABLE VI 


mg. 
0.4 
0.2 
0.1 


0.2 


DRY MATTER 





ASPIRATED AFTER 4 
DAYS 
mg. 
0.2 
0.1 


0.1 
0.2 


0.4 


18.5 


COMPARISON OF THE RATE OF RESPIRATION OF THREE GRADES OF OATS AT THE SAME MOISTURI 


MOISTURE 


LEVEL. 


GRADE 


No. 3 
No. 4 
Sample 


No. 3 
No. 4 
Sample 


No. 3 
No. 4 
Sample 


No. 3 
No. 4 
Sample 


INTERPOLATED V 


ALUES 


CO, RESPIRED PER 24 HR. PER 100 GM. 


DAILY 


DRY 


ASPIRATION 


MATTER 





ASPIRATED AFTER 4 
DAYS 


mg. 
0.1 
0.1 
0.1 


0.2 
0.2 
0.3 


0.6 
0.8 
1.8 


“1-10 
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TABLE VII 


COMPARISON OF THE RATE OF RESPIRATION OF THREE GRADES OF RYE AT THE SAME MOISTURE 
LEVEL. INTERPOLATED VALUES 


CO, RESPIRED PER 24 HR. PER 100 GM. 
DRY MATTER 


MOISTURE GRADE ~~ -—- -- 
DAILY ASPIRATION ASPIRATED ane ‘ 

DAYS 

% | md. mg. 

11.0 No. 1 0.2 0.1 

11.0 No. 2 0.1 0.1 

11.0 No. 3 0.2 0.1 

13.0 No. 1 0.4 0.2 

13.0 No. 2 0.4 0.2 

13.0 No. 3 0.7 0.4 

15.0 No. ] 1.7 1.0 

15.0 No. 2 2.6 Lf 

15.0 No. 3 2.3 13 

17.0 No. 1 6.7 5.2 

17.0 No. 2 9.9 §.7 

17.0 No. 3 14.0 6.1 


considerable variation in the quantity of carbon dioxide evolved by the 
different grades at the same moisture level, but the variation does not appear 
to be related to the grade. 


RELATION OF THE RELATIVE PLUMPNESS OF THE BARLEY KERNEL TO THE 
RATE OF RESPIRATION 


Two samples of barley which differed greatly in kernel size were obtained 
from one of the malting plants in Minneapolis. These samples are here 
designated as large and small size kernels; to the maltster they are known as 
*‘malting size’’ and ‘‘needles’’ respectively. The 1000 kernel weights were 
39.2 and 17.2 grams respectively, and germination was 94 per cent. in each 
ease. Table VIII shows the respiration data of these two lots of barley and 
the same data are shown graphically in figure 3. The decided differences 
in the rate of respiration of large and small kernels from the same lots of 
barley substantiates what has previously been contended; namely, that for 
equal weights of different sized kernels the smaller kernels have the highest 
respiration rate. Bamtey and GurJAr (4) found this to be true of wheat 
kernels. 


CHANGE IN THE DIELECTRIC PROPERTIES OF OATS AND BARLEY WITH CHANGE 
IN THE MOISTURE CONTENT OF THE GRAIN 


It is generally recognized that the water present in a hydrogel exists in 
several states or conditions. As suggested by Foorr and Saxton (11) these 
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TABLE VIII 


RATE OF RESPIRATION OF BARLEY 





5 — _ ——— —— 


CARBON DIOXIDE RESPIRED PER 24 HR. PER 
100 GM. DRY MATTER 


MOISTURE LARGE SIZE KERNELS 


ASPIRATED AT END OF 4 


) a acelin a miei 
DAILY ASPIRATION DAY PERIOD 


% mg. md. 
11.49 0.26 0.13 
13.07 0.40 0.32 
15.05 1.68 1.32 
17.07 | 14.99 13.89 


SMALL SIZE KERNELS 


11.00 0.21 0.14 
12.95 0.71 0.48 
15.35 2.95 2.05 
17.02 26.40 22.26 


states may be described as free, capillary, and combined. GortNrErR (14) 
has ably discussed the free and bound states of water in biological material, 
and the differences in physical properties between these two states. It has 
recently developed that indirect physical measurements were becoming in- 
creasingly useful and significant in distinguishing between these states. 
One such means involves the observation of changes in capacitance of such 
materials as cereal grains as a function of the amount, and hence of the state 
of water present. 
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Fie. 5. Diagram of the electrical circuit of the BURTON-PiITr apparatus. 


The Burton-Pirr (8) device which was available in this laboratory is 
adapted to this end. It makes use of the high frequency circuit diagrammed 
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in figure 5. When a tube containing grain is introduced into the electrical 
field produced by the current at the position marked T in the diagram, a 
change occurs in the current flowing through the ammeter, which can be 
observed and recorded. 

Observations were accordingly made upon one series each of oats and 
barley samples, in which the sole variable was moisture content. The rate 
of respiration, and the milliammeter reading as observed with the BurTon- 
Pirt device are recorded in table X. While these two sets of values are not 


TABLE IX 


COMPARISON OF THE RATE* OF RESPIRATION OF GRAINS AT FOUR MOISTURE LEVELS. 


RESULTS 
EXPRESSED IN MGs. OF CO, PER 24 HR. PER 100 GM. DRY MATTER 
PERCENTAGE MOISTURE 
KIND OF GRAIN — — 
11 13 15 17 

mg. mq. mg. mg. 
Barley © 0.1 0.4 2.1 16.7 
Cornt pei 0.7 1.5 4.7 21.9 
Flax 2 1.4 6.1 23.9 67.4 
Oats coke ; 0.1 0.2 1.4 8.0 
Ricet 0.2 0.5 2.4 16.5 
Rye 0.1 0.3 1.2 5.1 
Sorghum$ 0.5 0.9 3.5 15.0 
Wheat$$§ 0.2 0.5 1.2 11.0 


* Values obtained by interpolation and extrapolation of data. 
+t Average values from (3). 
t Values from (5b). 
§ Values from (10). 
§§ Values from (4). 


TABLE X 


AVERAGE RATE OF RESPIRATION AND BURTON-PITT MOISTURE \ 
OF OATS AND BARLEY 


ALUES FOR ALL SAMPLES 





OATS BARLEY 
MOISTURE 
“ CO, PER 24 HR. BURTON-PITT CO, PER 24 HR. 3URTON-PITT 
PER 100 GM. VALUES PER 100 GM. VALUES 
MA x 100 MA x 100 
% mg. peer ey _ mg. = y ype 2 
wt. of grain wt. of grain 
11.0 0.2 0.55 0.2 49 
13.0 0.5 0.63 0.6 54 
15.0 1.9 0.82 1.6 .69 
17.0 11.3 1.09 13.7 84 


exactly parallel, they approach that relationship. As indicated by GorTNER 


(13) the sharp acceleration of respiration at certain levels of moisture eon- 
tent may be the consequence of bound water relationships, and it is also 
probable that the same is true of the observed capacitance values. 
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While the data here recorded do not make certain facts abundantly clear, 
it has appeared from extensive experience with the Burtron-Prrr device 
that the milliaimmeter readings are a function of grain properties other than 
moisture content. In fact the same variables which affeet respiratory level 
of grain likewise tend to influence the milliammeter readings in the same 
direction and to much the same degree. It will require additional research 
to establish this fact, but it appears to be a safe prediction that such readings 
as are secured by this instrument will constitute more useful criteria of the 
keeping qualities of grain in storage than any single chemical or physical 
characteristic of which we are aware. 

The exponential types of curve which expresses the relation between the 
moisture content of corn and respiratory rate suggests that log (CO, 
respired) might become a linear function of moisture content. Letting y 
CO, respired per 100 gm. dry matter in each 24 hours, and x = moisture con- 
tent, log y was plotted against z and this turned out to be a curve rather 
than a straight line. This made it evident that the values for y must be eor- 
rected, possibly by a constant c. The value for c was computed through the 
use of the equation y = ae” +c. and was found to be ¢=0.672. Accordingly 
when all values for y were corrected by subtracting 0.672 and log (y—c) was 
plotted against xz a straight line resulted. For average corn of all varieties 
each increase in moisture content of 1 per cent. was accompanied by an in- 
crease in the value of log (y—0.672) =0.350. In a similar calculation ap- 
plied to the data resulting from the study of sound hard spring wheat c 
0.4926 and the average increase in the value log (y — 0.4926) = 0.63 per 1 per 
cent. increase in moisture content. 


Summary 


Curves which represent the relationship between moisture content and 
respiratory rate of stored cereals are expressed mathematically by an ex- 
ponential formula which approaches a linear form when the logarithm (base 
10) of the rate of respiration is recorded against the arithmetical progres- 
Sion of moisture content. For the earlier researches on wheat the equation 
y=ae”" +e in which x=moisture content and y=CO, respired, and e¢ 
0.4926 serves to express the relation between these variables between the 
limits of 11 and 17 per cent. of moisture. For corn or maize, the value of ¢ 
in the equation becomes 0.672. 

Rice and barley behave much like wheat in these particulars. Oats dis- 
play less acceleration of respiration per unit increase in moisture content 
than do rice, barley, and wheat, while the rye samples studied deviated still 
more widely in this respect. 

No significant correlation between market grade of barley and oats, and 
their rate of respiration at unit levels of moisture content appeared in the 
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; instance of the samples included in these studies. When shriveled or small 

: barley kernels were compared with plump or large kernels, the former regis- 
tered a distinctly higher level of respiration. This relationship had pre- 
viously been observed in the instance of wheat. 

Flax seed respires much more vigorously than the cereals at all levels 
of moisture content in the range studied (11-17 per cent.). 

It is suggested that this difference may result from the fact that the 
actual moisture content of the hydrophylie substances in the flax seed may 
be substantially higher than is suggested by the percentage of moisture in 
the entire seed. 

Relative capacitance of cereal grains as measured by means of the 
BurTON-Pirt instrument may be more highly correlated with rate of respi- 
ration than any other single chemical or physical determination heretofore 
employed as a basis of prediction, 


The writer wishes to acknowledge the technical assistance of J. J. MARTIN 
and J. S. SHELLENBARGER in this study. 
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EFFECT OF LIGHT INTENSITY ON THE DEVELOPMENT OF 
THE PHOTOSYNTHETIC MECHANISM’ 


MARSTON C. SARGENT 


(WITH THREE FIGURES ) 


Introduction 


LuBIMENKO (13) was the first to observe differences in assimilatory ac- 
tivity between trees which ordinarily thrive only in the shade and those 
which thrive only in sunny places. He found that the shade species had 
a higher rate of photosynthesis than the sun species at low light intensities. 
At high intensities, however, the photosynthesis of the sun speties was ac- 
celerated until it surpassed that of the shade species. He also observed that 
chloroplasts of the sun species, although as numerous as those of shade 
species, were less green and hence, he concluded, contained less chlorophyll. 
BoYsEN-JENSEN (2) and LuNnpEGcArRDH (14), using herbaceous plants, con- 
firmed LUBIMENKO’s observations on rates of photosynthesis at high and low 
light intensities. JomaNNson (12) reported in the case of a fern, and 
Montrort (15) in Cladophora that the assimilation of shade species was 
partially suppressed in direct sunlight. That these differences were not 
due in all cases to genetic factors was shown by the work of BoysEN-JENSEN 
and MUuuER (3), who found that leaves from the sunny and shady sides of 
a beech tree exhibited the same differences in rates of assimilation that 
LUBIMENKO observed. Similar phenomena, according to HArper (11), occur 
in ivy leaves. 

In all these cases, many external factors besides light intensity varied 
systematically with the environment. In order to exclude such factors, the 
experiments reported in this paper were carried out with the unicellular 
green alga Chlorella pyrenoidosa, which can be grown in pure culture under 
uniform conditions of temperature, carbon dioxide pressure, and concentra- 
tion of nutrients, in light of which the wave-length distribution is main- 
tained constant while intensity is varied at will. Using this single species 
of plant, grown under two selected intensities of illumination, measurements 
were made of (1) the maximum rate of assimilation, (2) the variation of 
rate of assimilation with light intensity, and (3) chlorophyll content. These 
measurements make it possible to revaluate the observations of earlier 
workers and to clarify certain characteristics of the photosynthetic mecha- 
nism which have not been emphasized in recent discussions. 

1 These experiments were conducted at the California Institute of Technology, Pasa- 
dena, and the Carnegie Coastal Laboratory, Carmel, California. 
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Methods 


A description of the general method of cultivating Chlorella is to be 
found in a paper by Garrron (9). In the present experiments, two glass- 
bottomed running-water culture baths illuminated from below were used 
side by side in a dark room. In order to obtain ‘‘sun’’ and ‘‘shade’’ con- 
ditions, one bath was illuminated by four internally frosted incandescent 
lamps, burned base down with their tips 10 em. from the bottom of the bath ; 
the other was illuminated by a single 40-watt bulb at 17 em. The use of 
bulbs of the same rating insured that the spectral composition of the light 
was identical, and a Weston photoelectric cell showed that the illumination 
on the bottom of the sun bath was seven times that of the shade bath. The 
total energy in the visible region falling on the bottom of the sun bath was 
about the same as would fall on the same area in moderately bright sunlight, 
but because of the difference in wave-length distribution between sunlight 
and the light from an incandescent filament, the two sources could not be 
expected to have identical effects on the complex of biological processes 
under discussion. 

The two intensities specified were selected after a number of preliminary 
experiments. At intensities lower than that in the shade bath, growth was 
excessively slow. At intensities higher than that in the sun bath, the eul- 
tures were overheated. The intensities used were sufficiently far apart to 
engender marked quantitative differences in the characteristics of the algae 
which were of the same nature as the differences observed by earlier workers 
between plants in sunny or shady places. 

Assimilation was measured manometrically (9) at 25° C. in Knop’s solu- 
tion saturated with five per cent. carbon dioxide in air. The highest illumi- 
nation used was that from a closely spaced row of 100-watt bulbs at 20 em. 
which is roughly comparable with bright sunlight. This intensity was re- 
duced at need by fastening Wratten neutral filters to the bottoms of the 
manometer vessels, whose tops and sides were covered with brass foil. The 
filters were calibrated, while immersed, with a photoelectric cell, and were 
found to have their rated transmissions, except for the ‘£100 per cent.,’’ 
which had an actual transmission of only 93 per cent. 

The concentration of chlorophyll was estimated by extracting a sample 
of cells with hot methyl alcohol and measuring the transmission of the 
extract in light of wave length 6598.953 A from a neon tube, using a visual 
spectrophotometer (see EMERSON and ARNOLD (6), p. 192, for full deserip- 
tion and determination of the standard extinction coefficient). ARNOLD and 
Koun (1) found that chlorophyll from three different plants (Chlorella, 
Equisetum, and spinach) had the same standard extinction coefficient at this 
wave length. This means that the ratio of chlorophyll a to chlorophyll b 
is the same for these three plants within the limits of accuracy of the 
method of estimation, and affords no grounds for assuming that the ratio is, 
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in general, labile. In the present series of experiments, attempts to measure 
the ratio of a to b by measuring the absorption at two wave lengths failed 
to give reliable results. 

Rates of assimilation and chlorophyll content in the present work are 
referred to a standard volume of cells as packed by centrifuging. When a 
suspension of Chlorella is centrifuged in a haematocrit for lengthening 
periods or at increasing velocities, the readings are found to approach a 
minimum value asymptotically. At 3500 r.p.m. (radius 20 em.) and 10 
minutes, small variations in velocity and time made an inappreciable dif- 
ference in the volume determinations. One hundred cubic millimeters of 
cells have a dry weight of approximately 20 mg. 


Experimental results 


Early in the investigation it became apparent that while the cultures 
were growing, the nature of the cells of which they were composed changed 
progressively from day to day. A sample of cells from a freshly inoeu- 
lated, thinly populated culture differed, with respect to the characteristics 
studied, from an old densely populated culture. Three factors in the en- 
vironment can be identified as contributing to this progressive change. 
First, as a culture grows, the concentration of nutrient falls. Second, the 
average intensity of light within the culture decreases. Third, the average 
spectral distribution of light within the culture changes because of the 
selective absorption of a Chlorella suspension. Hence it is meaningless to 
compare a single sun culture with a single shade culture at random. Be- 
cause they grow so much faster in the sun bath than in the shade bath, eul- 
tures of the same chronological age are not comparable. More nearly 
satisfactory is the comparison of cultures of the same population density, 
at least when this is low. As will be shown below, however, a suspension 
of sun cells transmits more light than a suspension of shade cells having the 
same cell concentration and this affects both the average intensity in the 
culture and its spectral distribution. But if cultures at all stages of the 
growth cycle are studied, it is found that whatever differences were present 
initially, persist in some degree to the end of the cycle. Determinations of 
the maximum rate of photosynthesis and the chlorophyll content of cells 
from such series of cultures were made and are here reported. 

It should be emphasized that in pure cultures of C. pyrenoidosa the cells 
do not ordinarily die. An old culture whose population has inereased a 
thousandfold from its original size will contain no cells which, under micro- 
scopic examination, are recognizably dead or even moribund. Hence 
changes found by observing a sample of cell suspension can not be ascribed 
simply to the presence of a varying proportion of dead cells. 


The fact that plants growing in the shade are greener than those growing 
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under high illumination can often be noted in the field, and the degree of 
greenness has been correlated with chlorophyll content by a number of in- 
vestigators (13, 17, 20). The chlorophyll content of cells cultivated in the 
sun bath is approximately lialf that of shade cells. Table I gives the results 


TABLE I 


THE CONCENTRATION* OF CHLOROPHYLL IN CELLS FROM YOUNG SUN AND SHADE CULTURES 

















SUN CULTURES SHADE CULTURES 
gm, gm. 
0.026 0.071 
0.036 0.071 
0.032 0.065 
0.031 0.055 
0.033 
0.034 
0.037 
0.037 
0.035 

Mean 0.0334 0.0655 
0.51 


Ratio of means 100 


* Grams of chlorophyll per gram of cells (dry weight). 


of a number of determinations expressed as grams of chlorophyll in one 
gram of cells (dry weight). WaArsura’s data (19) show that under the 
culture conditions he specified which were similar to, but not identical with, 
the present ones, ‘‘Tageslichtzellen’’ had a chlorophyll content of 2.6 per 
cent. of the dry weight, while ‘‘Schattenzellen’’ had a content of 4.0 per 
cent. 


TABLE II 


CONCENTRATION OF CHLOROPHYLL IN CELLS FROM CULTURES OF DIFFERENT AGES 


SUN CULTURES SHADE CULTURES 
AGE OF POPULATION | CHLOROPHYLL AGE OF POPULATION | CHLOROPHYLI 
CULTURE DENSITY* CONTENTt CULTURE DENSITY* CONTENT t 

days mm.3 gm. days mm, gm, 
3 0.11 0.033 7 0.068 0.071 
4 0.37 0.034 14 0.23 0.065 
6 1.1 0.037 23 0.65 0.078 
8 1.5 0.045 30 0.95 0.073 
10 1.7 0.049 37 1.3 0.063 
44 1.6 0.062 
49 yg 0.069 


* Mm. cells per cubic centimeter. 
t Grams of chlorophyll per gram of cells (dry weight). 








of 
in- 
he 
Its 


SARGENT: PHOTOSYNTHETIC MECHANISM 279 


As a sun culture grows older, the chlorophyll content of a unit volume of 
cells increases appreciably, while in a shade culture, there is no significant 
change. Table II shows that while the difference between sun and shade 
cells is diminished in this way, it is still perfectly apparent at all stages of 
the growth cycle. The increase in chlorophyll content in the sun cultures 
ean be ascribed to decrease of the average light intensity inside the cultures. 
Changes in the spectral distribution of the light may also play a part. From 
the work of Emerson (5) and FLeiscuer (8) we should expect depletion of 
nutrients to act in the opposite direction, so we must conclude that this 
factor is either not operative, or that its effect is obscured by the light effect. 
Because the chlorophyll content of shade cultures is constant for all densi- 
ties of population, it is possible to conjecture that at very low light in- 
tensities, chlorophyll content changes very slowly with change of intensity 
and approaches asymptotically a maximum value. 

The maximum rate of assimilation at 25° C. that is, the rate measured at 
such a carbon dioxide concentration and light intensity that an inerease in 
either of these factors (or both of them) causes no increase in assimilation 
is, by definition, the rate of the Blackman reaction. In cells from young 
sun cultures this process is about one and a half times as fast as in eells 
from young shade cultures. Table III shows that there is considerable 


TABLE III 
MAXIMUM RATE* OF PHOTOSYNTHESIS OF CELLS FROM SUN AND SHADE CULTURES 


SUN CULTURES SHADE CULTURES 
mm.* O, mm. O, 
64 29 
56 49 


45 36 


bo | 


Mean 55.4 37 


, 1.5 
Ration of means ae 
1.0 


* Mm.® oxygen per hour per mm.3 cells. 


variation in this rate from culture to culture, but that a real difference 
exists between sun and shade cells. In all of the literature on Chlorella 
photosynthesis, no rates are reported as high as those given in table III 
for sun cells, and it is probable that the cells have always been grown at 


light intensities lower than that in the sun bath of the present experiments. 
This difference between sun and shade cells is qualitatively like that 
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observed by previous workers (2, 13). The numerical value of the ratio 
depends on the exact environmental conditions specified and hence is not 
suitable for analytical treatment. As the difference in assimilatory rates is 
opposite in sense to the difference in chlorophyll content, the rate of the 
Blackman reaction is not a function of the chlorophyll content. 

With increasing density of population the maximum rate of assimilation 
of both sun and shade cells decreases as shown in table IV. The rate of 








TABLE IV 
MAXIMUM RATE OF PHOTOSYNTHESIS OF CELLS FROM CULTURES OF 
DIFFERENT AGES 








SUN CULTURES SHADE CULTURES 
F  atcesieies tee ig ero 
MAXIMUM MAXIMUM 
AGE OF | POPULATION PHOTO AGE OF POPULATION | —_ 
CULTURE DENSITY : ea CULTURE DENSITY 
SYNTHESIS | SYNTHESIS 
——— —— om 
days mm.* mm.* O, days mm.* i; mm? O, 
4 | 0.27 56 7 0.068 34 
5 0.90 50 14 0.23 } 31 
6 1.3 27 23 0.65 25 
8 1.9 18 30 0.95 18 
2.5 13 37 1.3 13 
p 3.0 10 44 1.6 12 
17 3.3 9.9 49 1.7 11 


decrease is most marked in sun cells so that old cultures are indistinguish- 
able from old shade cultures. Unless a sun culture is examined while it is 
still thinly populated (that is, while the average internal illumination is 
high, the color of the light essentially white, or the supply of nutrients 
undiminished) the difference between it and a shade culture might escape 
attention completely. Only when surrounded by these conditions does an 
actively dividing cell population suddenly build up its collective capacity 
for carrying on the Blackman reaction. 

It might be thought that in a rapidly dividing population, the cells would 
be smaller than in a more stable population and that consequently, in a unit 
volume of cell material, the total surface of all the cells would be large. 
The rate of the Blackman reaction might then turn out to be proportional 
to this total surface or to the total area of some active surface (such as that 
of the chloroplasts) inside the cells. The cells of Chlorella pyrenoidosa are 
too small (diameter 3 to 5,1) to measure accurately but it is easy to count 
in a haemacytometer the number of cells in a measured volume of culture 


medium and thence to calculate the number in a cubic millimeter packed by 
centrifuging. Table V shows such counts for sun and shade cultures at all 
stages of the growth cycle. Work by Yin in this laboratory has shown in 
the case of Chlorella vulgaris that the number of cells in a unit packed 
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TABLE V 


SIZE OF CHLORELLA CELLS IN CULTURES OF DIFFERENT AGES 

















SUN CULTURES SHADE CULTURES 
NUMBER OF CELLS . NUMBER OF CELLS 
1L } . ULATION . 
eee IN 1 MM.* I potter IN 1 MM.* 
pe PACKED VOLU ME = PACKED VOLUME 
mm. cells mm. cells 
per ml. per ml, 
0.19 21x 10° 0.068 23 x 10° 
0.12 24 0.23 27 
0.99 19 0.65 22 
0.98 18 0.95 21 
0.95 18 1.3 17 
1.43 15 1.6 18 
1.23 15 1.7 17 
Mean 18.6 20.7 


volume is determined only by the size of the cells, and not by differences in 
the closeness of packing. Hence it can be shown that the total area of the 
surfaces of all the cells in one cubic millimeter is proportional to the cube 
root of the number of cells. From table V it is apparent that sun cells are 
so nearly the same size as shade cells that the difference between the cube 
roots is negligible. Cells from old cultures are, on the average, larger than 
those from young ones, but the difference is by no means large enough to 
account for the difference in the rate of the Blackman reaction on the basis 
of a difference in surface area. 

Not only at saturating light intensities, but also at all lower intensities, 
the rate of assimilation of sun cells is higher than that of shade cells. 
Figure 1 shows the relation of photosynthesis to light intensity for samples 
of each variety of cells. The data for these curves and others appear in 
table VI. It is clear that while the ratio between the rates of sun and 
shade plants decreases with decreasing intensity, it never drops below 1.0 
even in the range where photosynthesis is proportional to light intensity. 
As previous investigators, without exception, have reported that at low 
light intensities, shade plants assimilate faster than sun plants, this result 
is unexpected. 


When an attempt is made to compare rates of photosynthesis of cell sus- 
pensions at sub-saturating intensities, it is necessary to take into account 
the decrease of intensity suffered by light traversing the suspension. The 
laminae of the suspension nearest the source of illumination shade the 
laminae behind them. This shading would be represented in figure 1 by 
moving all the points on a curve to the left by an amount proportional to 
their distances from the y-axis. If the corrections were very different for 
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LIGHT INTENSITY IN ARBITRARY UNITS 
Fie. 1. Rate of photosynthesis of sun and shade plants at different light intensities, 
The approximate value of the light intensity marked 100 is discussed in the text. 


PROTOCOLS FOR FIGURE 1] 
SuN PLANTS, AuGuUST 13, 1936 
CULTURE FOUR DAYS OLD. INOCULATED WITH 0.2 MM.* CELLS. POPULATION DENSITY, 
0.27 MM.* CELLS IN 1 ML. 1.9 MM.* CELLS IN EACH VESSEL. 
TEMPERATURE, 25 


Filter 10% 25% 50% 75% 93% 








Reading (60’ light) mm. Brodie 35.6 82.0 73.6 73.6 76.8 
Vessel constant 0.750 0.744 1.27 1.35 1.33 
O, evolved (60 light) 26.7 61.0 93.6 99.5 102.1 
O, consumed (60’ dark) 4.3 1.3 4.3 4.3 4.3 
Photosynthesis per vessel 31.0 65.3 97.9 103.8 106.4 
mm.% cells per vessel 1.9 1.9 1.9 1.9 1.9 
mm.* O, per hour per mm.* cells 16.3 34.4 51.5 54.6 56.0 


SHADE PLANTS, AUGUST 27, 1937 
CULTURE TWELVE DAYS OLD. INOCULATED WITH 0.6 MM.* CELLS. POPULATION DENSITY, 
0.32 MM.* CELLS IN 1 ML. 1.1 MM.*® CELLS IN EACH VESSEL. 
TEMPERATURE, 25 


Filter 10% 25% 50% 75% 93% 
Reading (60’ light) mm. Brodie 11.3 21.9 26.3 45.8 51.9 
Vessel constant 27 1.35 1.3: 0.750 0.744 
O, evolved (60’ light) 14.4 29.6 35.0 34.4 38.6 
O, consumed (60’ dark) 1.3 1.3 1.3 1.3 1.3 
Photosynthesis per vessel 15.7 30.9 36.3 35.7 39.9 
mm." cells per vessel 1.1 1.1 1.1] 1.1 1.] 


mm.* O, per hour per mm.* cells 14.3 28.1 33.0 32. 36.3 
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the two curves, the latter might cross. The principal agents of this shading 
(absorption, and scattering) cannot be eliminated by any practical method 
or adjusted to equivalence for different suspensions. They can, however, be 
minimized. The data in table VI were obtained with suspensions contain- 


TABLE VI 
THE RATE OF PHOTOSYNTHESIS OF CELLS FROM YOUNG SUN AND SHADE CULTURES AT 
VARYING LIGHT INTENSITIES. PHOTOSYNTHESIS AND RESPIRATION IN VOLUMES OF 
OXYGEN PRODUCED BY UNIT VOLUME OF CELLS IN AN HOUR. LIGHT INTENSI- 
TIES IN UNITS PROPORTIONAL TO ABSOLUTE INCIDENT INTENSITIES. 


LIGHT INTENSITY 





10 25 50 75 93 DARK 
ee = a a OE a Se eeT mec aes Yb wet 
16 34 52 55 56 -2.3 
Sun cultures 23 44 55 58 61 -0.6 
17 37 55 61 65 — 1.6* 
14 28 | 33 32 36 -—1.2* 
Shade cultures ...... 17 30 33 38 39 — 1.5* 
14 25 26 24 26 -1.8 





* The respiration and respiratory quotient were determined in a separate experiment. 
ing less than 2 mm.’ of cells in the volume of fluid used in each vessel. Each 
vessel had a bottom area of about 5 em.* The diameters of Chlorella cells 
range from 3 to5y. <A simple calculation shows that if all the cells settle 
uniformly they would form a layer only one cell deep, which would not 
entirely cover the bottom of the vessel. In a suspension of such meager 
density the average illumination within the vessel should be nearly identical 
with the incident illumination. Hence the correction to be applied to the 
points in figure 1 would be small and would not affect the relative positions 
of the two curves. 

Another possible source of error is the correction for respiration. The 
rate of respiration, however, in the present experiments was, in every ease, 
small compared with the rate of photosynthesis at even the lowest light 
intensity used. In those cases marked with an asterisk in table VI the 
rates of respiration and the respiratory quotient were separately determined 
with great care. They, as well as all other respiration rates measured in 
this investigation, were of the same order of magnitude and of an order 
lower than the rate of photosynthesis. The modifications necessary to 
change the relative positions of any parts of the curves in figure 1 are 
larger than any possible errors that could have occurred. 

There seems to be no question that sun cells of Chlorella assimilate faster 
than shade cells even at low light intensities. Before concluding that there 
is a fundamental difference between Chlorella and the sun and shade plants 
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investigated by earlier workers, we must examine their experiments in 
detail. The statements of LunImMENKO, BoysEN-JENSEN, and LuUNDEGARDH 
are based on readings obtained in the light, not corrected for respiration. 
They found, however, in every case, that sun plants have a higher rate of 
respiration than shade plants. The magnitude of the difference is such 
that, if the readings at low light intensities are corrected by these amounts, 
the sun plants at every light intensity have a higher true rate of photo- 
synthesis than the shade plants. The conclusion of LusimenKo, (13), and 
others, that shade plants are ‘‘adapted’’ to existence in shady places is not 
affected by this fact, but in terms of the present argument their sun plants 
assimilated faster than their shade plants at all light intensities. 

Shade cells of Chlorella show no inhibition of photosynthesis by light of 
high intensity. In table VI appear the figures for cells which were satu- 
rated by light intensity 25, and showed undiminished photosynthesis under 
four times as much illumination. Other cases more marked than this were 
observed. While in very intense light, the shade variety of Chlorella might 
suffer an inhibition of photosynthesis, no inhibition is apparent at intensities 
like that of direct sunlight, or at intensities ten to twenty times that in which 
the cells have grown. There is no sharply optimal intensity for the as- 
similation of the shade cells as found by Montrort and Neypri (16) for 
shade varieties of ferns. 

The rate of photosynthesis of sun and shade varieties of Chlorella at 
different concentrations of carbon dioxide was measured in mixtures of 
tenth molar potassium carbonate and potassium bicarbonate as described 
by Emerson and Arnotp (6). The partial pressures of carbon dioxide in 
equilibrium with these solutions have been calculated from figures given by 
WALKER, Bray and Jonnston (18). The interpretation of results obtained 
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by the use of carbonate-bicarbonate mixtures is at present open to doubt 
(7). In the absence of a fully accepted method of measuring photosynthe- 
sis at low carbon dioxide concentrations, however, data obtained by the 
present method are at least comparable with much published data obtained 
by the same method. 

The curves relating photosynthesis of sun and shade plants to carbon di- 
oxide concentration appear to be of the same shape (fig. 2). They could be 
made to coincide by multiplying all the points of either curve by a factor. 
This factor (1.3 or its reciprocal) is the same as that which relates the 
rates of the Blackman reaction for the two varieties of plants. Whatever 
process (or complex of processes) gives the rates measured here, the effect 
of the sun or shade environment on it is the same as that on the velocity 
of the Blackman reaction. The rate of carbon dioxide utilization at all 
partial pressures is independent of the chlorophyll concentration. 

The effect of cyanide on the assimilation of sun and shade plants is 
shown in table VII. The velocity of the Blackman reaction in the sun 


TABLE VII 


THE EFFECT OF HCN ON PHOTOSYNTHESIS OF CELLS FROM YOUNG SUN 
AND SHADE CULTURES 





CONCENTRATION RATE OF Lesnrerrscer 
or HCN | PHOTOSYNTHESIS* r 
molar mm. O, % 
0 42 0.0 
1x 10° 39 5.3 
Sun 5 ee 30 29 
10 ss 19 54 
50. SS 6.7 83 
0 21 0.0 
i x3ie@° 20 6.7 
Shade 5 as 16 27 
10 9 10 51 
50 adi 4.3 80 





* Mm.’ oxygen per hour per mm.3 cells. 


plants in this case is twice that in the shade plants, as shown by the values 
for photosynthesis without cyanide, but the percentage inhibition by any 
given concentration of cyanide is the same in both varieties of cells. 

The photosynthetic quotient, that is, the ratio of carbon dioxide con- 
sumption to oxygen production in the light, is the same in sun and shade 
plants. Within the limits of experimental error it is equal to —1.00. The 
respiratory quotient, the ratio of carbon dioxide to oxygen in the dark, is 
numerically larger. Table VIII shows that this is the case especially in 
shade plants. As the calculation of rates of photosynthesis is generally 
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TABLE VIII 


THE RESPIRATION OF CELLS FROM YOUNG SUN AND SHADE CULTURES 














RESPIRATORY QUOTIENT RATE OF RESPIRATION* 
— 1.03 3.4 
Sun -1.17 1.8 
— 1.02 1.6 
~1.51 0.9 
Shade — 1.30 1.2 
-~ 1.85 1.5 





* Mm.3 O, consumed by 1 mm.? cells in one hour. 


based on the assumption that the respiratory quotient is — 1.00, this fact 
would introduce an error, but the rate of respiration is so small compared 
with that of photosynthesis that the error is negligible. In the only ease in 
which it might be important, the rate of oxygen consumption in the dark 
was determined directly (table VI). As shown in table VIII, the absolute 
rate of respiration of sun plants is somewhat higher than that of shade 
plants. 

The actual rates of growth of sun and shade cultures are of some in- 
terest. Curves representing these rates are shown in figure 3. The shade 
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coordinate for shade cultures is five times as long as that for sun cultures. 


cultures in this experiment were grown at a higher light intensity than 
those reported elsewhere in this paper, namely at 11 em. from a 40-watt 
bulb, so that the ratio of the illumination in the sun bath to that in the 
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shade bath was somewhat higher than 4 to 1. While the ordinates for both 
curves are the same in figure 3, the abscissae of the shade curve are five 
times as long as those of the sun curve. By the inclusion of this factor, 
the curves are superposed except near the origin, which means that the 
sun cultures grew five times as fast as the shade cultures. This ratio is very 
near the ratio between the illuminations in the two baths. Unless it is 
assumed gratuitously that one kind of cells contains more water than the 
other, this is a measure of the relative rates of photosynthesis. Hence the 
cells in the cultures assimilate at rates which fall on the rate-intensity 
eurves of figure 1 in the range where assimilation is proportional to light 
intensity, and the light intensity at which they exhibit maximum photo- 
synthesis is considerably higher than that in which they have been culti- 
vated. The effect of both sun and shade environments is to produce cells 
whose maximum capacity for assimilation is never realized in their 
environments. 
Discussion 


These experiments show that differences in illumination are sufficient 
to cause the differences between sun and shade plants observed by earlier 
workers as noted in the introduction above. When other factors are main- 
tained uniform, plants grown in bright light have a higher rate of photo- 
synthesis and lower chlorophyll content than plants grown in the shade. 

Shade plants may have such a low rate of respiration that their excess 
of photosynthesis over respiration at low light intensities is higher than that 
of sun plants. In the present experiments shade cultures of Chlorella do 
not show this ‘‘adaptation’’ to a shade existence but there is a tendency in 
that direction. 

The light optimum for shade plants observed by JoHANNSON (12) and by 
Montrort (15), does not appear in the present experiments and in those 
of BoysEN-JENSEN, LUNDEGARDH, and others (2, 14). Moreover, optima 
have been reported for plants which are distinctly sun varieties, namely 
marine diatoms; thus if optima can be considered as occurring at all, they 
are not characteristic of shade plants alone. Recently reported experiments 
by F. Gessner (10) give sound reasons for believing that light optima are 
artifacts arising from experiments in sealed containers in which insufficient 
care is taken to avoid stagnation, carbon dioxide deficiency, and consequent 
damage to the photosynthetic mechanism. 

The present experiments give no support to the idea that the lower 
chlorophyll content of sun plants is to be attributed to the existence of a 
light sensitive process in which chlorophyll is decomposed. From the rates 
of growth of sun and shade cultures, and the chlorophyll content of the 
cells, it follows that during any given period, a unit volume of sun cells 
produced about two and a half times as much chlorophyll as the same vol- 
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ume of shade cells. Not all of the implications of this situation are simple 
but at least it affords no reason for believing that there oceurred a con- 
tinuous decomposition of chlorophyll under the influence of light, which 
proceeded more rapidly in the sun cultures than in the shade cultures. 
These experiments however, do not exclude the possibility that such a 
process occurs. 

The present experiments have some bearing on ecological problems. The 
blooming of marine diatoms and fresh-water algae occurs when the supply 
of mineral nutrients is large and in a season of intense or prolonged insola- 
tion. Under such conditions photosynthesis and, consequently, growth and 
cell division are rapid. In addition, it appears likely that under these 
favorable conditions there will be produced plants especially capable of a 
high rate of photosynthesis. That is, the population of shade plants (or 
low-nutrient plants) will produce a population of sun plants whose indi- 
vidual capacity for photosynthesis is considerably higher than that of the 
original population. When the period of favorable conditions comes to an 
end through either depletion of nutrients or decrease of insolation, the 
plants will change into the low-nutrient or shade form and their lowered 
eapacity for photosynthesis will compound the effect of the unfavorable 
conditions. Such a compounding of effects may go far to explain the 
sudden burst and sudden cessation of growth characteristic of blooms. 

That some chlorotic plants reach maturity while other individuals of the 
same species die early (although by the action of genetic factors, they con- 
tain much more chlorophyll (4)) may, in some cases, be attributed to proc- 
esses discussed in this paper. Some individuals genetically poor in chloro- 
phyll may have highly efficient photosynthesis and an unimpaired capacity 
for the Blackman reaction. At both high and low light intensities they 
could assimilate as rapidly as individuals with much more chlorophyll. The 
rate of the Blackman reaction is easily determined and has been measured 
successfully in a great variety of plants. A study of the inheritance of this 
factor might yield important information. 


Summary 


Chlorella pyrenoidosa cultivated under intense illumination has a low 
chlorophyll content, and a high capacity for photosynthesis. Cultivated 
under moderately low illumination it has a high chlorophyll content, and 
a low capacity for the Blackman reaction. The proportional effects of 
carbon dioxide concentration and cyanide are the same in both varieties 
of plants. The photosynthetic quotient in both sun and shade plants 
is equal to —1.00. The respiratory quotient is absolutely larger especially 
in shade cells. The average cell size of sun and shade plants is very 


nearly the same. The rate of growth of the cultures is approximately 
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proportional to the intensity of illumination. As the population density of 
the culture increases, the cells undergo internal changes. The average cell 
size increases; the chlorophyll content (in sun cells) increases; the capacity 
for the Blackman reaction decreases. 


The author expresses his indebtedness to Mr. Ropert EMERSON and Mr. 
LowELL F. Green for numerous suggestions and constant assistance in 
carrying out these experiments. 
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AUXIN IN MARINE ALGAE 


J. VAN OVERBEEK 


(WITH ONE FIGURE) 


Introduction 


Auxin has been studied almost exclusively in the higher land plants. 
Therefore, it seemed of interest to obtain some information regarding auxin 
in very different groups such as the lower water plants. For this purpose 
Macroeystis was selected. Macrocystis pyrifera (L.) Ag. is a large brown 
alga growing on rocks, usually in 10 to 30 meters of water. <A description 
ean be found in SeTrcHeLL and GarpNer (11), or Otrmanns (10). The 
stipe (‘‘stem’’) becomes 30 to 50 meters long, bearing at its tip a terminal, 
bladderless, faleate blade and lower down the young blades and along the 
greater part of its length at regular intervals the mature, lateral blades, 
each with a pyriform bladder at its base. The mature blades are from 
3 to 5 dm. long and 5 to 9 em. wide. The upper 2 to i0 meters of the 
thallus usually floats on the surface of the water. The alga is perennial, 
which offers the advantage that material can be collected throughout the 
year. Since it was not considered practical to investigate the entire plant, 
only a young apical part about 50 cm. in length was used. Such a part 
consists of a terminal blade and a stipe to which are attached on the average 
15 blades and bladders of an increasing size toward the base. Before the 
physiological role of auxin of a plant can be determined it is desirable to: 
(a) demonstrate the presence of auxin; (b), to determine its distribution 
throughout the plant; and (c¢) to discover the type of the auxin involved. 
These are the three points which will be discussed in this paper. 

VAN DER WElJ (12) in 1933, for the first time demonstrated the presence 
of auxin in marine algae. In the cell sap of young Valonia macrophysa 
plants he found between 0.00012 and 0.00021 mg. of auxin per liter, and in 
the cell walls of the same material about twenty times that amount. Du Buy 
and OLSEN (3) extracted auxin from Fucus. During the summer of 1938 
I determined the auxin content of the green alga Bryopsis which had been 
collected and extracted (14, 15) by Mr. M. L. Darsie at Pacific Grove, 
California. About 80 gamma equivalents of indole acetic acid per kg. fresh 
weight were found. This is an auxin concentration of the same order as 
occurs in pea seedlings, but considerably smaller than found in Avena and 
corn plants (18, 14, 15). Another water plant in which such relatively 
large auxin concentrations were found is Elodea, in which I found auxin 
concentrations as high as 50 gamma equivalents of indole acetic acid per 
ke. fresh weight. In Macrocystis, on the other hand, auxin concentrations 
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of only about one gamma per liter were found, which is close to VAN pDEr 
Wet!J’s values for Valonia. 


Experimental methods and results 


Young undamaged plants free from overgrowths, as far as could be de- 
termined macroscopically, were collected in a pail of sea water. The plants 
were collected by boat at the kelp beds near the breakwaters of Newport 
Bay, or off the coast. Material that had become detached or was washed 
ashore was never used. Within one half hour after collection, the material 
was thoroughly washed with fresh water in order to remove microorganisms 
that might be attached, and then placed in highly purified ethyl ether. It 
was left in the ether for 2 to 3 days, and after that time the assay for auxin 
was made in a previously described manner (14,15). However, one further 
simplification was introduced (suggested by Dr. W. S. Stewart). Instead 
of evaporating the residue to complete dryness and adding agar to it, the 
extract was evaporated down to about 2 ml. which were then dropped im- 
mediately into the hot agar. In this way the auxin was instantaneously 
mixed with the agar and the 2-hour period of standing which was previously 
necessary to insure this mixing was eliminated. Each test included a con- 
trol curve with known amounts of indole acetic acid which made it possible 
to bring the threshold value into calculation (16). 

In order to check whether or not all of the auxin was removed, the ex- 
traction method described above was compared with the Soxhlet method, 
which is one of the most exhaustive methods known. Table I shows that 
practically the same amount was obtained by both methods. Hence, one can 
be reasonably sure that the data presented here truly represent the auxin 
content of the material. 

TABLE I 
AMOUNTS OF AUXIN* OBTAINED FROM MACROCYSTIS BLADES BY MEANS OF EXTRACTION IN 


ETHER FOR 2 DAYS AND BY SOXHLET EXTRACTION DURING THE SAME TIME (81101) 





PART OF PLANT SOXHLET STANDING 
Terminal blade 0.61 0.73 
Young lateral blades 1.13 1.00 


* Gamma equivalents of indole acetic acid per kilogram fresh weight. 


Distribution 


As was stated in the introduction, only the apical 50 em. of the thallus 
was investigated. In table II a typical distribution experiment is repre- 
sented which shows all of the individual factors necessary for the determi- 
nation of the auxin concentration in the plant. In the first column is 
indicated the part of the thallus and the number used for extraction. The 
column marked W indicates the total fresh weight in grams of the parts 
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TABLE II 


A COMPLETE ANALYSIS OF THE AUXIN DISTRIBUTION IN THE APICAL PART OF A MACROCYSTIS 
THALLUS. EXPLANATION OF SYMBOLS IN TEXT (81026) 


} GAMMA GAMMA 
W V, Cc (st +0) | ae | pecs naar 
1 Ka. PART 
— — — ——- -| t 7 ae 
| gm. ml. 0 
10 terminal blades 17.5 0.5 6.5 19.0 0.54 | 87x10-5 
D3 16.0 0.46 
10 stipes 42.0 0.3 7.2 20.0 0.14 59 x 10-5 
100 bladders 59.0 0.5 6.8 19.5 0.16 9 x 10-5 
(0 
15 lateral blades .... 62.0 0.5 7.0 20.0 0.16 78 x 10-5 
10.5 27.5 0.22 
Controls 
26.5 gamma indole acetic acid per liter gave C =— 10.0 
13.2 gamma indole acetic acid per liter gave C=—- 4.1 
0.0 gamma indole acetie acid per liter gave C=+ 1.8 


under investigation. The column V, indicates the volume of agar in ml. 
in which the extract was taken up, C gives the degree of curvature in the 
Avena test. The factor (C x I,+0) translates degrees of curvature into 
concentration of indole acetic acid. Its value can be directly determined 
from the concentration curve with known amounts of indole acetic acid. 
I,° is the indole acetic acid concentration required to give an increase of 
curvature in the Avena test of 1°. O is the threshold value in gammas 
indole acetic acid per liter. The auxin concentration in gamma equivalents 
of indole acetic acid per liter (kg. fresh weight) is calculated from: 
(CxI,+0)xV, 
: = Bi 3 
which is given in the sixth column. The last column finally gives the auxin 
content of an average terminal blade, stipe, bladder, or young lateral blade. 
As table II indicates, the auxin concentration is highest in the terminal 
blade and lowest in the stipe. This relation was generally found, but 
the terminal blade does not always have a higher auxin concentration than 
the upper lateral ones, as follows from table I. In table III a summary of 
all available data on the auxin distribution is given. There appears to be a 
definite decrease in auxin concentration in the basal direction although this 


auxin gradient is not as pronounced as in seedlings of higher plants 
(14, 15). The low auxin concentration in the rapidly growing stipe may 
be compared with a similar situation in young corn seedlings (15). Here 
it was found that the upper part of the first internode, which is the fastest 
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TABLE Il 


DISTRIBUTION OF AUXIN* IN THE UPPER PART OF THE 'THALLUS OF MACROCYSTIS 











TERMINAL | YOUNG OLDER | Br aneses — EXPERIMENT Date 
BLADE | BLADES BLADES = a3 ; F NUMBER =. 
175 | 1.00 0.53 80926 | (Sept. 26, 1938) 
0.84 | 0.19 0.21 81019 (Oct. 19, 1938) 
0.51 | 
0.54 | 0.16 16 0.14 81026 (Oct. 26, 1938) 
0.46 | 0.22 
0.61 | 1.13 | 81101 (Nov. 1, 1938) 
0.73 | 1.00 





* Gamma equivalents of indole acetic acid per kilogram of fresh weight. 


growing region of the entire corn seedling, has the lowest auxin content. 
It may be that in these cases the rapidly growing tissue consumes large 
amounts of auxin as discussed later. 


TYPE OF AUXIN 


In order to determine the nature of the auxin present in Macroeystis 
three types of investigation are open. 

(a). The most satisfactory is to obtain it in erystalline form and de- 
termine its structure in a manner similar to that followed by K6éau and 
HAAGEN-Smir for auxin-a,-b, and indole acetic acid. <A glance at tables I, 
ITI, and III shows that only about one-half part of auxin per billion (10°) 
parts of Macrocystis is present. Hence it would require tons of material to 
isolate a fraction of a gram of auxin, which makes direct determinations 
impracticable in this case. 

(b) Kéet, HAAGEN-Smit, and ERXLEBEN (7) have described a convenient 
differential acid-alkali destruction test which makes it possible to distinguish 
between indole acetic acid which is destroyed by acid but stable in alkali, 
auxin-a which is stable in acid but destroyed by alkali, and auxin-b which 
is unstable both in acid and alkali. When this method was tried on extracts 
of Macrocystis blades, invariably the auxin present in it was destroyed by 
acid, but not by alkali, indicating that indole acetic acid was present. 
Table IV gives the results of a few experiments of this type. It is note- 


worthy that in several instances refluxing with sodium hydroxide increased 
the auxin activity of the extract over that which had been boiled with dis- 
tilled water. It may be that by boiling with dilute NaOH active auxin is 
liberated from a precursor, but it is also possible that some inhibitory 
substance is inactivated. Since Haacen-Smit (private communication) 
does not consider the differential destruction test reliable for impure ex- 
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TABLE IV 


AUXIN CONTENT* OF MACROCYSTIS EXTRACTS 


| (es 


wiuxine | Reruuxine | REFLUXING CONTROI 
cena ‘Sees ‘ WITH anat” — EXPERIMENT 
WITH 5 PE ; . : ,UMBE 
began DISTILLED NUMBER 
sia 1, N NaO REFLUXED 
cent. HCI 1 N NaOH was I 
deq. deg. deq. deg. min, 
0.1 11.3 5.5 15 81025 
1.5 10.0 6.3 
2.3 14.1 12.3 12.8 0) 81019 
2.9 13.5 10.7 11.6 


* Degrees of curvature in the Avena test. 


tracts, the third method which is available for obtaining information about 
the nature of the auxin was also tried. 

(c) This method is based upon the determination of the diffusion ¢o- 
efficient and was first successfully applied by Went (17), who four years 
before the auxin-a was chemically isolated, had determined its molecular 
weight. The experiment was carried out as follows: the auxin present in 
an extract of Macrocystis was taken up in a small agar plate (10.8 x 8.1 x 
0.8 mm.). This plate was then carefully placed on top of a stack of three 
similar plates containing no auxin. After 40 minutes the 4 plates were 
separated and the auxin content in each of them determined by the Avena 
test method. From the relative distribution of the actual amount of auxin 
(rather than Avena curvature) in each of the four plates the diffusion ¢o- 
efficient can be found from diffusion tables after SHEerrer and KAWALKI 
(1). Once the diffusion coefficient (D) is known, the molecular weight can 
7 x 1.07 

Do 00 
the relative distribution of the actual auxin content in the four agar plates, 
one is not justified in directly using the degrees of curvature obtained in 


be calculated from \ M = Since it is extremely important to know 


the Avena test for the determination of the relative auxin distribution in 
the tables, unless one is sure that there is a direct proportionality between 
the Avena curvature and the actual auxin concentration in the agar plates. 
Such a direct relationship does not exist in a great many cases. The curve 
did not start at the origin, but somewhere on the concentration axis, indi- 


eating that there was a threshold value. In order to avoid this error a 
diffusion test was run with indole acetic acid (M=175) parallel to the 
diffusion test with the unknown auxin. In this control run the expected 
relative distribution of the indole acetic acid in the 4 agar plates may be 
found from the tables. The Avena curvature for each of these 4 plates is 
found by means of the Avena test. When these Avena curvatures are 
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plotted against the concentration of auxin obtained from the tables an ac- 
curate concentration curve for the conditions of the experiment is obtained. 
This curve subsequently was used to translate the Avena curvature of the 
diffusion test with the unknown auxin into relative amounts of auxin. 
When this was done diffusion coefficients and molecular weights for the 
auxin in Macrocystis were found which were close to those of indole acetic 
acid (table V). The difference between the molecular weight found for 


TABLE V 
DIFFUSION AND MOLECULAR WEIGHTS FOR AUXIN IN MACROCYSTIS. 
EXPLANATION IN TEXT 


EXPERIMENT 





Co. MOLECULAR 
-— WEIGHT NUMBER 
——————————— | — —— = 

Auxin-a | 0.414 328 
Auxin-b 0.426 310 
Indole acetic acid 0.567 175 
Auxin from Macrocystis 0.612 149 81117 

0.599 156 81207 





Macrocystis-auxin and that of indole acetic acid is probably not significant. 
It is clearly shown, however, that the auxin of Macrocystis cannot be 
auxin-a or -b. 

In determining the molecular weight by means of the diffusion test it was 
found inadvisable to work with a donor plate which contained an excessive 
amount of impurities. Such a block gives too low values in the Avena test. 
It was found that when such an impure block was placed for one hour on 
top of a block of plain agar, the latter gave a higher curvative than the 
former. Auxin had diffused into this plate of agar, but the majority of 
impurities remained behind in the original block. In the experiments 
mentioned in table V, use was made of this simple method of purification. 


Discussion 


It is generally assumed that higher plants contain auxin-a and -b and 
that lower ones contain indole acetic acid. This generalization is based upon 
the actual isolation of auxin-a and -b from corn oil and malt (6), and by a 
number of molecular weight determinations for higher plants (4, 7) all of 
which showed that auxin of a molecular weight like that of auxin-a or -b is 
present in these plants. The lower plants so far investigated have been 
fungi and bacteria. Indole acetic acid was actually isolated from yeast 
and Rhizopus (2, 5, 7), and more indirect evidence for the presence of in- 
dole acetic acid was obtained in Aspergillus and Bacterium coli (9, 10). 
The lower plants so far investigated were saprophytes in contrast to the 
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autotrophic higher plants. It is interesting to see that in the case of 
Macrocystis, an autotrophic lower plant, indole acetic acid or a substance 
closely related to it is present. 

Although auxin has now been demonstrated in at least 3 marine algae, 
its mere presence does not make it a growth hormone for these >rganisms. 
Further researches have been planned in order to elucidate this particular 
point. There is evidence, however, that auxin is a growth hormone for 
Macrocystis: (1) the higher auxin concentration in the blades of the apical 
growing part of the thallus than in the older mature part. (2) The 
similarity in the relation between growth and auxin distribution in corn 
seedlings and in the stipe of Macrocystis. In an earlier paper (15) it was 
shown that in young corn seedlings the region of maximal rate of elongation 
is located in the upper part of the first internode. It was also shown that 
out of this particular region the smallest amount of auxin of the entire 
plant could be extracted. Strange though this may seem at first sight the 
following consideration will show that it is to be expected. If one assumes 
that auxin is used up during the process of elongation one can expect that 
the faster a particular region elongates the more auxin it uses. In the 
upper region of the corn coleoptile the growth rate is relatively small and 
is not limited by auxin but by other factors. In the lower part of the 
coleoptile and the upper part of the first internode elongation is limited 
by auxin. This has been shown by decapitation experiments (15). In this 
upper region of the first internode the other factors necessary for elongation 
are present in excess, and auxin will cause it to elongate as soon as it 
arrives at the proper spot. It is thereby rendered inactive. When active 
auxin is extracted it will be auxin which was present in the plant under the 
following conditions: (a) on its way to those regions where it will cause 
elongation; (b) on its way to more basal regions; and (c) as bound auxin. 
For a discussion of bound and free-moving auxin see (18) and a paper by 
the writer on ‘‘ Auxin in roots.’”' 

It will be clear from the above consideration that in the upper part of 
the coleoptile, where the auxin is produced and relatively little is used for 
elongation, relatively large amounts are found upon extraction. On the 
other hand, the more basal parts of the corn seedling (the upper part of the 
first internode) will have a relatively low auxin concentration because: (1) 
they receive only auxin which has been left over by the more apical regions; 
and (2) since the other growth factors are present in excess, practically all 
the auxin will be used for elongation. If a similar relation between elonga- 
tion and auxin content exists in the stipe of Macrocystis, the relatively low 
auxin content there may be regarded as an indication that its elongation 
is auxin controlled. 


1 Bot. Gaz. 101: 450-456. 1939. 
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Summary 


In the brown alga Macrocystis auxin is present in a concentration of ap- 
proximately 0.5 gamma equivalents of indole acetic acid per kilogram fresh 
weight. In the green alga Bryopsis up to 80 gammas per kilogram, and in 
Elodea 50 gammas per kilogram fresh weight were found. These are auxin 
concentrations of the same order of magnitude as are present in higher 
plants such as corn (on the average 0.5 gamma equivalents of indole acetic 
acid per kg.) and pea seedlings (on the average 50 gammas per keg.). The 
auxin distribution in the upper 50 em. of the thallus was investigated. The 
young blades had the highest auxin concentration and the stipe (stem) the 
lowest (fig. 1). It has been shown that the auxin of Macrocystis is indole 
acetic acid, or a substance closely related to it, rather than auxin-a or -b. 





A. 7% TERMINAL BLADE 0.50 


siaoce 0.24 





0.14 stew-~ 





Fig. 1. Apical part of the thallus of Macrocystis pyrifera with figures indicating 
the distribution of auxin in gamma equivalents of indole acetie acid per kilogram fresh 
weight. 
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SPIRAL SYSTEMS IN THE ORGANIZATION OF LIVING MATERIAL 
W.D. FRANCIS 


(WITH FIVE FIGURES ) 


Introduction 


Since the invention of the microscope the problem of the structure of 
protoplasm has maintained a very prominent place in the study of life. 
Many investigators have hoped that the discovery of a mechanical structure 
in living material would yield some explanation of the remarkable functions 
connected with life. The colloidal concept of living material contributed 
much to the understanding of life processes, particularly in connection with 
surface reactions. On the other hand, the colloidal concept in so far as it is 
contrasted in a structural sense with the crystalloidal concept lent little or no 
support to the microscopist in his search for organized structure in living 
material. The recognition that the intricate structures and coordinated 
functions of organisms are compatible only with an orderly arrangement of 
living material brought the mind back to some such structure as crystals 
exhibit (5,14). Thus arose the present conception of protoplasmic constitu- 
tion as being largely liquid crystalline. 

Plant and animal protoplasm are generally assumed to be fundamentally 
similar. One basis of this assumption is that both kinds of protoplasm 
exhibit the general phenomena of life. Another basis for the assumption is 
the difficulty of differentiating whole groups of lower organisms as distine- 
tively plant or animal in character. From these considerations one could 
expect that a definite structure which is found to be fundamental in the 
protoplasm of one species may be common to the protoplasm of all species. 


Discussion 
THE SPIRAL STRUCTURE OF CHROMOSOMES AND CYTOPLASM 


The spiral structure of chromosomes and their finer deeply staining fila- 
ments or chromonemata has been established by recent work (7). 

It has been remarked by Scartu (12) that there is no occasion to suppose 
that the cell is ever without a skeleton of organized and probably orientated 
elements. The spiral structure of cytoplasm was observed by the writer (6) 
in a photomicrograph by Seirriz (13) of the quiescent protoplasm of a slime 
mold. 

One very readily and unconsciously assumes that microscopi¢e vision is 
sinilar to ordinary vision with the unaided eye. As an example we may 
take the stamen hairs of Rhoeo discolor, which are sufficiently fine and trans- 
parent to be examined with the best immersion lenses. When the hairs are 
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mounted in water and examined under the microsecpe, the striated cellulose 
wall on the upper side comes into view and can be accurately resolved. Next 
the protoplasm within the hair cells can be focussed and seen clearly at any 
desired level. Finally, the cellulose wall on the lower side can be brought 
into view and its fine structure studied. It is to be remarked, however, that 
as the focus is altered either downwards or upwards the previous upper or 
lower field of view disappears. Thus microscopic vision at any one time is 
restricted to one plane which is roughly at right angles to the optical axis of 
the microscope. The higher the numerical aperture of the lens, and conse- 
quently the higher its resolving power, the more restricted is its field towards 
the plane of its sharpest focus. This peculiarity of microscopic vision 
accounts for the circumstance that insufficient attention has been given to 
structures which are beyond the field of view, but which are parts of the 
structures within the field of view. Gross structures such as cell walls are 
generally readily correlated with their parts, which are outside the field of 
view, by focussing. Very fine structures such as disperse aggregations and 
spirals, however, which are partly inside and partly outside the field of view, 
are often difficult to perceive and interpret. It is particularly pertinent to 
observe that the filament which composes the spiral, or helix, which we are 
discussing, never lies in one plane. 

The granular appearance of protoplasm which is so often presented to the 
observer by the microscope is evidently due in great measure to optical see- 
tions through a spirally arranged disperse phase. The apparent granules 
are often round or slightly elongated images provided by spirally wound 
filaments as they are traversed crosswise or obliquely by the optical section 


e * provided by the microscope. Figure 1 is a diagram of a longitudinal 
e® ° ° one ° ° ° e,° 
-e section of a spiral. The diagram shows that a spiral in the position 
e ¢ indicated is represented by two rows of dots, the dots of one row 
ee? 


being placed alternately to the dots of the other row. 


Fie. 1. Diagram of longitudinal section through a spiral. The spirally coiled fila- 
ment appears as two rows of dots. The dots of one row alternate with the dots of the 
other row. When reversals in direction of the spirals occur, as in the spirals of chromo- 
somes and cytoplasm, the pattern of dots is more irregular. 


The limitation of microscopic resolution to sharply defined optical sec- 
tions is strikingly revealed by the photomicrographs in figures 2 and 3. In 
parts of both of these photomicrographs fine protoplasmie connections are 
shown traversing the cellulose walls. 

The advantage of photomicrography is that details which are invisible to 
the eye in the ordinary routine of microscopical observation are often shown 


up in a photomicrograph. Two examples will be given. Because of their 
recognized advantages, apochromatic lenses were used. On one oceasion the 
writer photographed a precipitate of ferrous hydroxide which was mounted 
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on a slide in Canada balsam. The resulting plates showed long straight lines 
consisting of crystal edges and elongated crystals. These straight lines could 
not be found in the Canada-balsam preparation by visual observation. Later 
similar straight lines were detected by visual observation in preparations of 
the same material mounted in water. Evidently differences in the refractive 
properties of the mounted material and the mounting medium, which were 
insufficient to be detected by the eye, were registered on the photographic 
plate. 

On another occasion a mounted preparation of iron rust was photographed 
under the microscope. The resulting picture clearly showed spiral structure 
in the rust. The writer had previously examined iron rust on numerous 
occasions without having observed its spiral structure. After it could be 
revealed by photographs, the spiral structure was detected in iron rust by 
ordinary visual methods with the microscope. 

Serrriz’s photomicrograph (13) showing spiral structure in protoplasm 
led the writer to make photomicrographs of living protoplasm. The epider- 
mis of the bulb scale of the onion (Allium cepa), freshly mounted in tap 
water, was the subject chosen. Figures 2 and 3 are reproductions of some 
of the photomicrographs. The photomicrographs in this paper are of the 
*‘silver skin’’ type of onion. 

The photomicrographs show spiral structure in the protoplasm, in the oil 
bodies suspended in the protoplasm, and in parts of the cellulose walls. The 
oil bodies were seen in the protoplasm before the photographs were taken. 
They are often irregular, angular, or rounded in shape and strongly light- 
refracting. The cellulose walls in the ‘‘silver skin’’ variety were also 
strongly light-refracting. This light-refracting property which is rendered 
by the more pale color differentiates the oil bodies and cell walls from the 
background of the protoplasm in the photomicrographs. Within the oil 
bodies as well as in the protoplasm are dark spiral filaments. From visual 
studies and from photomicrographs in which the material composition of the 
structures is known one may interpret these dark spirals as protein. For 
example, the darker portions of the nucleus both in visual observations and 
in photomicrographs consist of the chromonemata which are composed of 
protein. Kuwapa and NAKAMuRA’s photomicrograph (8) of a dividing 
nucleus in a living stamen hair of Tradescantia shows the chromonemata as 
dark twisted filaments. Confirmation of the interpretation of the dark 
spirals as protein is provided by ANDREws (2), who found that the oil bodies 
of plants consist of oil and a protein base. 

The distribution and character of the oil of the onion and allied species is 
outlined by Mouiscu (11). In common with many other authors he refers to 
the oil as allyl sulphide. CzapeK (3) remarks that allyl-propyl disulphide 
appears to be an important constituent of the oil of the onion. From the 
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Fig. 2. Unretouched photomicrograph of living protoplasm of epidermis of bulb 
scale of onion. Apochromat 2 mm. n.a.1.33.* 1250. The pale light-refracting areas in the 
cells represent onion oil. This is shown as spirals, or sections of spirals, often surrounding 
dark areas evidently of protein. The spiral character of the dark proteinaceous parts is 
well shown on the left of the lowermost cell where the spiral protein structures are invested 
by the pale light-refracting spirally arranged oil. The cell wall in the left upper corner 
is shown as coiled in two strands consisting of left-hand spirals. The appearance of the 
cell wall here is suggestive of a cord composed of two strands. Indications of left-hand 
spiral structure are also shown in the cell wall towards the lower part of the photograph. 
A few fine protoplasmic connections are shown piercing the cell wall in the upper part of 
the photograph. The discontinuity of the cell wall on the left is evidently caused by the 


optical section traversing coarse perforations in the cell wall. 


location and description of onion oil as outlined by Mouiscu and others it is 
evident that it is the strongly light-refracting, spirally arranged material 
appearing in variously shaped bodies in the photomicrographs presented 
here (figs. 2, 3). 

According to LEPESCHKIN (9), protein and lipoids are the principal 
constituents of protoplasm, of its dispersion medium, and of its disperse 
phases. He defines lipoids as subtances which are found in organisms and 
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which are distinguished by their solubility in ether, benzol, chloroform, oil, 
and partly in alcohol and their insolubility in water. According to this 
definition onion oil would be included with lipoids. 

In accordance with this broad definition of lipoids the writer’s photo- 
micrographs provide a picture of the coarse disperse phases of the principal 
materials of protoplasm; namely, the protein and the lipoid. In Leprscn- 





Fig. 3. Unretouched photomicrograph of living protoplasm of epidermis of bulb 
scale of onion. Apochromat 2 mm. n.a.1.33. Enlarged to x 1143 from original photo- 
graph, x 750. The coarse and fine dark twisted spirals in different parts of the photo- 
graph are evidently proteinaceous. The pale, light-refracting portions investing the dark 
spirals represent onion oil; their spiral formation is more evident in the upper part of the 
photograph. In the upper left portion there are systems of fine and coarse spirals con- 
nected by fine anastomoses. The upper part of the photograph is strongly suggestive of 
protoplasmic organization on the basis of interconnecting spiral systems of descending 
orders of size. Fine protoplasmic connections are shown perforating the cell wall which 
passes across the middle of the photograph. It is to be observed that the protoplasmic 
connections shown in this figure and in figure 2 are dark colored, indicating their pro- 
teinaceous character. 
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KIN’s photomicrographs (9, fig. 16, 18) of living protoplasm, alternately 
dark and light areas are shown.. These may represent areas in which protein 
and lipoids respectively are dominant. 

In parts of the writer’s photomicrographs the coarse disperse phases of 
the protoplasm are shown as a lining in contact with the cell wall. In these 
places the outer layer of the protoplasm would present a surface composed 
of alternating spiral coils of protein and lipoid. See for example the lower 
side of the cell wall in figure 3. This photomicrographic feature of the outer 
layer of protoplasm is significant in connection with NATHANSOHN’S con- 
ception of the ‘‘ plasma membrane’’ as possessing a mosaic structure consisting 
of proteins alternating with lipoids (9, p. 147.) 

In the upper left-hand side of figure 3 there are indications of an orderly 
arrangement of the spiral systems. Several large spirals are shown passing 

downwards from near the top of the photograph. One of these spiral 

iad systems, the one on the left, is diagrammatically represented in figure 
4. It is to be observed that the larger spiral consists of a filament 
which is wound in a spiral of a lower and much finer order than that 
of the large coils. Further, it is observable in the upper left-hand 


> 
St 


Fig. 4. Diagram of a spiral system shown on upper left of figure 3. The larger 
spiral coils are composed of a filament which is wound into a spiral of a lower order of size. 


side of figure 3 that the large spiral systems, such as those shown diagram- 
matically in figure 4, are connected with adjacent spiral systems by fine con- 
necting strands (fig.5). These fine connecting strands may be parts 
of spirals which are intertwined with the spirals which they appear to 
connect. The connecting strands are apparentiy similar to the 
Fie, 5. Diagram of portions of two spiral systems, upper and lower, from upper left 

side of figure 3. The two spiral systems are connected by two anastomoses. 


anastomoses of the chromatinic reticulum of nuclei. 

The writer has frequently noticed while examining living protoplasm that 
spirals appear to be visible with lenses of ascending magnifications such as 
with 16, 4, and 2 mm. lenses. This suggests that there are spirals of ascend- 
ing and decending orders of size. This observation is confirmed to some 
extent by figure 3 which shows spirals of two orders of size. 

Spirals of ascending and descending orders of size may be the primordial 
structural basis of the coordination of functions in living systems. 


INDICATIONS OF SPIRAL STRUCTURE IN POTATO STARCH GRAINS 
AND CRYSTALS OF CANE SUGAR 
ALSBERG (1) apparently quoting Meyer, Horry and Mark, states that 
starch chain molecules are perhaps spirally wound. He also quotes NAGELI 
as reporting spirally twisted starch granules. 
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The writer has examined the starch grains of the potato by bringing a 
glass slide into contact with a freshly cut potato and allowing the starchy 
film to dry in air for a few days. In preparations of this kind the material 
of the starch grains, which were sufficiently transparent, showed series of 
curves and erescents arranged in such a way as to indicate that they formed 
parts of closely wound spirals. 

Crystals of cane sugar were spread on glass slides, which were slightly 
moistened with water, and allowed to dry. Some of the crystals which could 
be examined microscopically showed dark internal patterns indicative of 
denser areas of spiral formation. 

Spiral structure in parts of the cellulose walls of the onion has already 
been mentioned (see also fig. 2). According to Farr (4) cellulose fibrils 
arranged in cross spirals have become familiar objects in published illustra- 
tions of the swollen membranes of cotton fibres. 


SPIRAL SYSTEMS AND INTEGRATION 


The widespread occurrence of spiral systems in living protoplasm leads 
one to inquire if they can be correlated with any functions of the organism. 
The short spirals such as those in chromosomes and cytoplasm are suggestive 
of the metallic spirals used in physics as models of short solenoids. When an 
electric current is passed through these short metallic spirals they exhibit a 
characteristic magnetic field similar to that of bar magnets. It is possible 
that in living systems the proteinaceous spirals may possess magnetic fields 
comparable to those of short solenoids and bar magnets. 

The repulsive and attractive movements of chromosomes in mitosis and 
meiosis are strongly suggestive of magnetic effects. In mitosis the repulsive 
effects may be produced by electric currents flowing in the same direction in 
similarly coiled chromatids. In meiosis the attractive effects which produce 
pairing of homologous chromosomes may be brought about by electric cur- 
rents flowing in oppositely coiled chromosomes. The work of LuND and his 
co-workers (10), for example, shows that there are electric currents in living 
organisms. LUND and his associates have also shown that these electric ecur- 
rents are dependent upon cell respiration. According to Warsure (15), 
cell respiration is a capillary-chemical process which takes place on the sur- 
face of the solid cell constituents. As the spirals in protoplasm constitute its 
principal disperse phase, it is to be expected that the surfaces of the spirals 
would be the seat of cell respiration, and consequently the loci of electric 
potentials. Another significant fact is the participation of iron compounds 
(haemin compounds) in cell respiration. It is generally recognized that the 
metals themselves are electric conductors of the first class. 

In view of the preceding considerations it is suggested that the spirals in 


protoplasm may be activated by electric currents and possess magnetic fields 
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comparable to those of bar magnets. If this is so, the positions of the spirals 
in space and their relationship to each other would be determined by lines of 
force connected with the spirals themselves. Such an arrangement would 
represent a dynamic system with considerable possibilities for the funda- 
mental explanation of structures and functions of organisms on an electro- 
magnetic basis. 

Integration or the harmonious functioning of the organism as a unit may 
depend upon protoplasmic spiral systems as the loci of electric potentials and 
the seat of electromagnetic fields. 


Summary 


In extending observations on the spiral structure of protoplasm, photo- 
micrographs were taken of the living protoplasm in the epidermis of the bulb 
scale of the onion. The photomicrographs show spiral structure in the proto- 
plasm, in the oil bodies suspended in the protoplasm, and in parts of the 
cellulose walls. 

Spiral structure in cellulose walls and oil bodies and indications of spiral 
structure in potato starch grains and erystals of cane sugar suggest that this 
type of structure may also be characteristic of protoplasmic products. 

In parts of the photomicrographs there are indications of an orderly 
arrangement of the spirals into systems. The filament composing some of 
the spirals is shown to be coiled into spirals of two orders of size. 

Spirals of ascending and descending orders of size may be the primordial 
structural basis of the coordination of functions in living systems. 

It is suggested that the proteinaceous spirals in protoplasm may be acti- 
vated by electric currents and possess magnetic fields comparable to those of 
short solenoids and bar magnets. If this is so, the position of the spirals in 
space and their relationship to each other would be determined by lines of 
force connected with the spirals themselves. Such an arrangement would 
represent a dynamic system with considerable possibilities for the fundamen- 
tal explanation of structures and functions of organisms on an electromag- 
netic basis. 

Integration or the harmonious functioning of the organism as a unit may 
depend upon protoplasmic spiral systems as the loci of electric potentials and 
the seat of electromagnetic fields. 
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RELATION BETWEEN QUANTITY OF CHLOROPHYLL AND 
CAPACITY FOR PHOTOSYNTHESIS 


ROBERT EMERSON, LOWELL GREEN, AND J. LEYDEN WEBB 


(WITH ONE FIGURE) 


Seeking evidence as to the number of chlorophyll molecules concerned 
in the reduction of one molecule of carbon dioxide, EMERSON and ARNOLD 
(3) measured the maximum amount of carbon dioxide which could be re- 
duced by a measured quantity of cells, under conditions designed to make 
photosynthesis dependent only on the amount of chlorophyll present, and 
independent of other factors, both internal and external. The limiting effect 
of chemical processes in the cell under saturating external conditions was 
avoided by illuminating with extremely short flashes of light (about 10°° 
seconds) and allowing sufficient dark time (about one-tenth of a second) 
between flashes so that the chemical processes or Blackman reaction could 
run to completion between light flashes. The intensity of the flashes was 
so great that higher intensities resulted in no increase in carbon dioxide 
assimilation. With light flashes as short as 10° sec., it was believed impos- 
sible for a significant number of individual chlorophyll molecules to act 
more than once per flash in the reduction of carbon dioxide. Under these 
conditions it was anticipated that chlorophyll would be the only factor limit- 
ing the amount of carbon dioxide reduced per flash. The number of chloro- 
phyll molecules should limit the energy available for carbon dioxide reduc- 
tion after each flash. The ratio (¢) of number of chlorophyll molecules 
present to number of carbon dioxide molecules reduced per flash was found 
to remain approximately constant, even when the chlorophyll content per 
unit volume of cells was varied several fold. Unexpectedly high values were 
obtained for 9, showing that the cells contained two or three thousand times 
as much chlorophyll as the maximum amount of carbon dioxide which they 
could reduce per flash of light. 

Calculations made by Garrron and Wout (7) show that essentially the 
same relationship prevails in continuous light. They compared the maxi- 
mum rate of carbon dioxide reduction with the chlorophyll content for a 
variety of material, including leaves as well as suspensions of algal cells. 
Taking the average time required for the completion of the Blackman reac- 
tion in Chlorella from the results of EMERSON and ARNOLD, they found that 
assimilating cells in general contain over two thousand times as much chloro- 
phyll as seems necessary to account for the highest observed rates of photo- 
synthesis. 

The measurements of EMERSON and ARNOLD were made only with 
Chlorella pyrenoidosa, but ARNOLD and Koun (1) later reported measure- 
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ments with six species, representing four phyla. Their results, and the c¢al- 
culations of GAFFRON and WoHuL, have led to the proposal that chlorophy]| 
exists in the cell in some sort of units, each containing some 2000 chlorophy|| 
molecules, such that when a quantum of light is absorbed by any member 
of a particular unit, the energy may become available for the reduction of a 
carbon dioxide molecule associated with the unit (cf. ARNOLD and Konn, 1; 
GAFFRON and Wout, 7; Wout, 8, 9, 10). Some of ARNOLD and Konn’s 
values for p run up to four and five thousand, suggesting that 9 may be 
subject to some variation. Nevertheless, they regard its relative constancy 
as evidence for the existence of chlorophyll units. Therefore it seemed to 
the writers important to find within what limits 9 might vary in a single 
species, Chlorella pyrenoidosa. The experiments we report here show a 
much greater range in the value of ¢ than had been indicated previously, 
so that hypotheses formulated on the basis of the supposed constancy of ¢ 
may not be tenable. The existence and significance of the chlorophyll unit 
is now the subject of active discussion (cf. Wout, 8, 9, 10; also FrRaANcK and 
HERZFELD, 5; FRANCK and TELLER, 6) on which our results appear to have 
some bearing. 
Experimental 


Except for the use of a culture medium saturated with five per cent. 
carbon dioxide instead of carbonate-bicarbonate mixture as suspending fluid 
for the cells, our technique was the same as Emerson and ARNOLD’s. In 
view of the results reported by EMERSON and GREEN (4), who compared the 
behavior of photosynthesis in carbonate mixtures and in phosphate buffers, 
we thought it possible that the phenomena in flashing light might depend 
in some respect on the pH or on the method of carbon dioxide provision. 
In a culture medium saturated with five per cent. carbon dioxide, photosyn- 
thesis is unaffected by considerable variations in both pH and carbon dioxide 
concentration. 

The carbon dioxide assimilation during flashing light is of the same 
order of magnitude as the respiration, so the correction applied for respira- 
tion is of the utmost importance. Respiration measurements were made in 
darkness, between the exposures to flashing light. Separate experiments on 
respiration indicated that the small amount of assimilation during flashing 
light was without measurable influence on the subsequent rate of respiration. 
As in all measurements of photosynthesis, it remains possible that the 
respiration is higher during illumination so that the use of a subsequent 
respiration measurement to compute photosynthesis may lead to a value 
lower than that actually attained by the organism. 

The chlorophyll content was determined by extracting aliquot samples of 
cells with hot methyl alcohol, and measuring the extinction spectrophoto- 
metrically for the Neon line 6598 A. The same method was used by EmeEr- 
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son and ARNOLD, and by ARNOLD and Koun. It has been standardized with 
weighed samples of Chlorella chlorophyll (Emerson and ARNOLD, 3) and 
with chlorophyll prepared from higher plants (ArNoLD and Konn, 1) and 
the values obtained were practically identical. 

The accuracy of the method depends on several factors besides the pre- 
cision of the standardization. Chief among these are the completeness of 
extraction of the chlorophyll from the cell samples, the freedom of the ex- 
tract from other substances which absorb appreciably at 6598 A, and the 
uniformity of the ratio of the two chlorophyll components. While we cannot 
state quantitatively how closely these requirements are fulfilled, it seems 
conservative to say that the error in the analyses is probably less than ten 
per cent. Since we are concerned here with variations of several fold in 
the value of 9, such an error in the chlorophyll determinations would not 
alter our conclusions. 

Most of the photosynthesis measurements were made at 25° C., with a 
frequency of 20 flashes per second, making the dark time between flashes 
0.05 see. According to Emerson and ARNOLD, at 25° this dark time is suffi- 
cient for the completion of the dark processes after each flash. Some of our 
experiments suggest that cells from young cultures grown over bright light 
may require a longer dark period. If this proves to be the case, then the 


TABLE I 


THE RATIO p IS SHOWN FOR CULTURES OF VARIOUS AGES, GROWN OVER THREE DIFFERENT 
SOURCES OF ILLUMINATION. ALL CULTURES WERE GROWN AT 17° C. +] 


MEASUREMENTS OF p WERE MADE AT 25° C. 





p, 
AGE AT YENSITY AT 
......| LIGHTING CONDITIONS FOR \ ctupie DENSITY AT \Mo.es oF CHLOROPHYLL 
CURVE mle done yoosireemnneoatt TIME OF TIME OF 
GROWTH OF CULTURES Mo.Les CO. REDUCED 


HARVESTING HARVESTING 
PER FLASH 


mm.” per ml. 


days of pr 
Four forty-watt inean 
descent lamps 10 em. 
from culture fiasks, 2 0.1 3,750 
A and Corning ‘‘ Noviol { 0.5 6,180 
C’’ filter, transmit- Ss 1.6 11,120 
ting only wave lengths 
longer than 480 mu 
Four forty-watt incan { 06 3 990 
B descent lamps 10 em. Q 16 6 850 
from culture flasks, no 17 age 9790 
filter. F viasted ata tei 
Single forty-watt incan 15 0.2 6,650 
C descent lamp, 15 em. 21 0.5 11,000 
from culture flasks. 29 0.7 14,500 
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values of ¢ shown in table I may have to be reduced somewhat for the 
younger cultures. 

The ratio ¢ was determined for cells from cultures grown for different 
periods of time and with different conditions of illumination. In all cases it 
was found to increase with increasing age of the cultures, but the rate of 
increase and the value at any given age depended on the illumination used 
for growing the cultures. Much experimental work has been done on the 
influence of wave length and intensity of light on the changes in chlorophyll 
content and photosynthetic capacity with age of culture. The action of 
these factors is obscured by the increasing selective absorption of light by 
the cells in a growing culture. This is minimal in a young culture which 
contains so few cells that light passes through the suspension almost un- 
changed. But as the culture grows older and increases in density, certain 
wave lengths are absorbed more strongly than others, and the light which 
has passed through the peripheral parts of the suspension reaches the cells 
in the interior greatly diminished in intensity and changed in wave length 
distribution. The cells are circulated by shaking the cultures at regular 
intervals, and by the slow stream of five per cent. carbon dioxide in air 
which bubbles through continuously, so that all are exposed from time to 
time to the entire range of illumination prevailing within the culture. The 
changing environment inevitably associated with this simple technique ren- 
ders it difficult to separate and analyze the influence of the factors in ques- 
tion. While it is clear that the age of the culture, the wave length distribu- 
tion, and light intensity used for growing the culture all have profound 
effects on the photosynthetic apparatus, a separation of these effects prob- 
ably requires more elaborate culture technique. Consequently the present 
paper deals only with variations in 9, without attempting to trace the influ- 
ence of culture conditions on the more fundamental internal factors upon 
which ¢ probably depends. 

Figure 1 shows three curves for the value of o plotted against age of 
culture for cultures grown under different conditions of illumination. The 
conditions of illumination for the three curves, as well as the density of each 
culture at the time of harvest, the age, and the value of 9, are given in table 
I. The lighting used for the cultures for curves A and B was identical 
except for the use of a filter’ for the ‘‘A’’ cultures which transmitted only 
wave lengths longer than about 480 my. The cultures for curve A were 
therefore deprived of blue and violet light, while the cultures for curve B 
were exposed to the full spectrum of the incandescent lamps. Comparison 
of the densities for equal ages of the A and B series in table I shows that the 
removal of the blue and violet leaves the rate of growth praetically un- 
changed, although for corresponding densities o is always higher for the 


cells grown without blue and violet light. 


1 Corning ‘‘ Noviol C’’ filter. 
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Fig, 1. Three curves showing the influence of age of culture on the value of p. 


The illumination for growing the cultures for curve B was from four forty-watt inean- 
descent lamps spaced close together in a square, and 10 em. distant from the bottoms 
of the eulture flasks. The same lighting arrangement was used for the cultures for 
eurve A, but in this case the light was passed through a glass color filter transmitting 
only wave lengths longer than about 480 my. The cultures for curve C 


were grown over 
a single 40-watt incandescent lamp at a distance of 15 em. 


Curve C, made with a series of cultures grown at a very low light inten- 
sity, shows higher values of 9 for corresponding culture densities, or lower 
values for corresponding ages. 


Discussion 
Our results indicate that the value of 9 regularly increases with the age 
of the culture, and is influenced by the lighting conditions used for growth. 
None of the values reported here are as low as the highest values of EmMrEr- 
son and ARNOLD (3), but no attempt was made to duplicate their culture 


conditions. Their primary purpose was to obtain a wide range of chloro- 
phyll concentrations. 


This they achieved by growing cultures over neon 
The approximate constancy of 9 over a 
wide range of chlorophyll concentrations seems remarkable, but may be 
attributable in part to the fact that their cultures were regularly harvested 
as soon as they had reached a density which provided adequate amounts 
of material for the measurements, without reference to age. 


and mereury sign-lighting tubes. 
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It might be supposed that the increase in 9 with age of culture indicates 
an increasing proportion of inactive or moribund cells which still retain 
their cholorophyll. This would be consistent with the opinion of ARNoLD 
and Koun that in all active cells there exists a chlorophyll unit of approxi- 
mately constant size. There is no reason however, for thinking that our 
cultures contained increasing quantities of inactive cells. The decline in 
growth rate with age indicated by the figures for culture density in table | 
is no more than would be anticipated from the increasing competition for 
light and nutrients with increasing population density. Differential centri- 
fuging failed to reveal the presence of more and less active fractions among 
the cell population. We regard it as unlikely that there are appreciable 
quantities of inactive cells present in cultures during periods of rapid 
growth, although table I shows that this rapid growth may be accompanied 
by a sharp increase in the value of o. 

It seems more probable that a chlorophyll unit within the meaning of 
ARNOLD and KouNn does not exist, and that the large amount of chlorophyll 
present in comparison with the capacity to reduce carbon dioxide must be 
explained in other terms. FRANCK and Herzretp (5), and FRANCK and 
TELLER (6) have found it difficult to reconcile the existence of such a unit 
with modern concepts concerning energy transference between large mole- 
cules. Emerson (2) has suggested that the amount of carbon dioxide which 
can be reduced per flash of light may not depend upon the amount of chloro- 
phyll, but may be a measure of some other substance taking part in photo- 
synthesis. For example, it is possible that assimilating cells contain a lim- 
ited amount of some substance with which carbon dioxide must combine 
before it can undergo reduction. Carbon dioxide saturation in flashing light 
would then be a measure of the full capacity of this substance for combin- 
ing with carbon dioxide. The fact that ¢ is always large would mean that 
the amount of chlorophyll always greatly exceeds the amount of this pro- 
posed substance. Other catalysts or enzymes present in small amount could 
also account for the observed phenomena, provided they could set a fixed 
limit to the yield per flash under saturating conditions. The best obtain- 
able yield per flash appears to be always far short of what might be expected 
from the amount of chlorophyll present. 


Summary 


During photosynthesis in flashing light » nder optimum external con- 
ditions, the ratio of moles of chlorophyll present to moles of carbon dioxide 
reduced per flash is not a constant in Chlorella pyrenoidosa cells, but de- 
pends on conditions of previous growth, increasing sharply with age of cul- 
ture and varying with color and intensity of culture illumination. Thus the 


maximum amount of carbon dioxide reducible per flash is not directly 
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related to the amount of chlorophyll but depends on some other internal 
factor. 
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EXPERIMENTS ON PHOTOPERIOD IN RELATION TO THE 
VEGETATIVE GROWTH OF PLANTS' 


JAMES BONNER 


Introduction 


It has long been known that relative length of day and night effects the 
vegetative as well as the reproductive activity of plants. Since the appear- 
ance of the paper of GARNER and AuuARD (7) which first dealt with this 
subject, abundant factual material has accumulated relating to the influ- 
ence of photoperiod on such varied processes as shoot elongation, leaf size, 
accumulation of dry weight and root growth (6, 10). It has been fre- 
quently, although not invariably, found that vegetative growth as measured 
by one or more of these criteria, is greater in long days than in short days 
irrespective of the reproductive behavior of the species in question. The 
promotive effect of long daily photoperiods on vegetative growth does not 
appear to be directly attributable to increased duration of CO, assimilation 
(11). Plants grown under conditions of long day made up of a short photo- 
period of natural light supplemented by light of exceedingly low intensity 
exhibit the vegetative vigor typical of plants on a long day rather than that 
of plants on a short day regime (13). 

It is known that the reproductive response of photoperiod sensitive plants 
is to be attributed to the production of a specific hormone (or hormones) 
in the leaves under conditions of suitable day length (8, 9). The produc- 
tion of this particular hormone or hormones would appear to depend on the 
length of day to which the leaves are subjected. It seems logical to inquire 
in how far the vegetative responses of plants to varying photoperiods are 
also attributable to the influence of day length on the production of the 
several hormones which regulate vegetative growth. In the present paper 
evidence will be presented to show that the production of vitamin B,, a 
hormone for the growth of roots (1), is affected by the length of day to which 
the plant is subjected. 

It is known that length of day exercises a profound effect on the extent 
of the root system in many species of plants. Thus Weaver and HimMen 
(12) found that the root system is invariably more extensive under condi- 
tions of long photoperiod irrespective of whether the species of plant is long 
day, short day, or indeterminate with regard to flowering behavior. Crist 
and Stout (5) have also shown that the root system of plants grown under 
short photoperiod may be several times smaller than the root systems of 
similar plants grown under conditions of long photoperiod. These observa- 

1 Report of work done with the cooperation of the Works Progress Administration; 
Official Project no. 665-07-3-83, Work Project no. 9809. 
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tions suggest that the roots of plants grown under short photoperiod receive 
a limited amount of one or more of the substances required for root growth 
and supplied by the above ground portion of the plant. 


Materials and methods 


Plants were grown in the greenhouse in the manner previously described 
(2) in washed quartz sand contained in 2-gallon glazed crocks provided with 
drainage. They were supplied on alternate days with Suives R.S; nutrient 
(including the minor elements Mn, Cu, Zn, B, Mo, and Fe) and the crocks 
flushed out with tap water on the intervening days. In each experiment one 
half of the plants were supplied with vitamin B, at the rate of 0.01 mg. per 
liter of nutrient solution. This concentration has been found in earlier ex- 
periments (2) to be non-toxic and promotive to the growth of many species 
of plants. Conditions of long photoperiod (18 to 20 hours) were maintained 
by means of supplementary illumination from Mazda lamps, approximately 
80 foot-candles intensity at the leaf surface. Conditions of short photoperiod 
refer to a daily light period of 9 hours (8 A.M. to 5 P.M.). 

In each experiment the vitamin B, content of the leaves (and in some 
eases of the roots) of the control and experimental plants was determined. 
This was done by means of the Phycomyces assay whose application to deter- 
mination of vitamin B, in plant tissues has been described in detail in an 
earlier publication (3). 

Experimental results 


It is shown in table I that of the five species examined in the present ex- 
periments, every one contained less vitamin B, when cultured under a short 
photoperiod than when cultured under a long photoperiod. Of these spe- 


TABLE I 


SUMMARY OF DATA RELATIVE TO THE INFLUENCE OF PHOTOPERIOD ON VITAMIN B, CONTENT 
OF TOPS OF FIVE SPECIES OF PLANTS, GROWN IN SAND CULTURE 
AND ON LONG OR SHORT PHOTOPERIOD 


| VITAMIN B, CONTENT 





SHORT PHOTOPERIOD LONG PHOTOPERIOD 


° FLOWERING PHOTO- 
SPECIES PERIODIC BEHAVIOR | Rae Y 
; ae PER GRAM PER GRAM | 
DRY PER SHOOT DRY | PER SHOOT 
WEIGHT WEIGHT 
Y Y Y Y 

Xanthium Short day 3.4 1.72 D2 4.20 
Cosmos “$ - 4.9 0.26 5.1 0.38 
Brassica alba Long day 4.85 0.31 6.0 0.54 
Brassica nigra "7 - 2.95 0.14 3.9 0.22 
Lycopersicum Indeterminate 5.3 2.86 6.5 6.78 
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cies, two were short day with respect to production of flower hormones (that 
is, were ‘‘short day’’ plants), two were long day with respect to the produe- 
tion of this factor, and one was indeterminate. Nevertheless, all might be 
termed ‘‘long day’’ with respect to the production of vitamin B,. It ap- 
pears then justifiable to advance the working hypothesis that the vegetative 
growth responses of plants to photoperiod may be attributable in part to the 
decreased production of vitamin B, under conditions of short day. Support 
of this hypothesis is supplied by the fact that plants whose vitamin B, con- 
tent is low because of maintenance under conditions of short photoperiod, 
do in certain eases respond more strongly to added vitamin than do parallel 
plants maintained under conditions of long photoperiod (table I, IIT). 


TABLE II 


EFFECT OF PHOTOPERIOD AND VITAMIN B, ON THE GROWTH OF XANTHIUM IN SAND CULTURE 


SHORT PHOTOPERIOD LONG PHOTOPERIOD 








DRY WEIGHT | VITAMIN B, DRY WEIGHT VITAMIN B, 











PER PLANT | CONTENT | NumpeR| PER PLANT CONTENT NUMBER 
————————e | —__—__—_— | —— — 7 
| ToPs Roors | Tors Roors| = | Tops | Roots | Tops |Roots pel 
eae. Hox Sica ae PLANTS |___ _— PLANTS 
| mg. | mg. | y y | mg. mg. y y 
Control ..| 510 | 57 | 1.72)019| 47 | 810| 133 | 420] 069 | 36 
Added 
vitamin 
B, 855 | 105 | 3.76 | 0.46 37 1000 | 195 | 7.201140] 41 


TABLE III 
EFFECT OF PHOTOPERIOD AND VITAMIN B, ON THE GROWTH OF BRASSICA PLANTS IN SAND 
CULTURE. PLANTS HARVESTED SIX WEEKS AFTER PLANTING 


SHORT PHOTOPERIOD LONG PHOTOPERIOD 
seleeenent DRY WEIGHT VITAMIN B, DRY WEIGHT VITAMIN B, 
PER PLANT CONTENT PER PLANT CONTENT 
md. Y mg. Y 
B. alba 
Control 64 0.31 9) 0.54 
Added vitamin B, 290 2.25 193 3.05 
B. nigra 
Control 48 0.14 57 0.22 
Added vitamin B, 175 1.01 136 0.87 


Xanthium pennsylvanicum (cocklebur) is a short day plant and flowers 
if maintained under daily photoperiods shorter than 15.5 hours. In the 


present experiments, the seedling plants were maintained for 3 weeks under 
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conditions of long (18-hour) photoperiod. They were then divided into four 
equal lots and two lots transferred to conditions of a short (9-hour) photo- 
period. One lot of those on each photoperiod received nutrient solution 
with added vitamin B,; the other 2 lots received only nutrient solution. At 
the end of 4 weeks, when the plants were harvested, those maintained on 
long photoperiod were strictly vegetative while those maintained on short 
photoperiod possessed flowers and young fruits. Table II shows that of the 
control plants, those maintained under short photoperiod formed only 61 
per cent. of the dry weight formed by those on long photoperiod, and that 
the dry weight of roots produced on short photoperiod was less than half 
that produced on long photoperiod. The plants maintained on short photo- 
period and supplied with vitamin B,, however, actually exceeded the long 
photoperiod control plants in total dry weight and produced 81 per cent. of 
the dry weight formed by the long photoperiod vitamin B, plants. The in- 
creased response to vitamin B, under conditions of short photoperiod is 
particularly striking in the case of the root system. The roots of the vitamin 
B, treated plants were almost 100 per cent. heavier than those of the control 
plants under conditions of short photoperiod and were only 44 per cent. 
heavier than the control roots under conditions of long photoperiod. Table 
II shows, then, that Xanthium plants on short photoperiod which contain 
relatively little vitamin B,, respond more vigorously to addition of vitamin 
B, (with increased dry weight deposition) than do the plants on long photo- 
period which contain relatively much vitamin B,. 

Brassica alba and Brassica nigra grown from unvernalized seed behave 
as long day plants. In the present experiments two lots of each species were 
maintained on long photoperiod and two lots of each species on short photo- 
period. At the expiration of 6 weeks when the plants were harvested, those 
on long photoperiod were in full bloom, while those maintained continuously 
on short photoperiod were vegetative. Table III shows that with both spe- 
cies, less dry weight was accumulated (in the control series without vitamin 
B,) under short photoperiod than was accumulated under long photoperiod. 
In each ease also considerably less vitamin B, was found in the plants under 
short photoperiod than was found in the plants under long photoperiod. 
With both species the percentage increase in dry weight under the influence 
of vitamin B, is greater under short photoperiod than under long photo- 
period. 

It has been shown by CAJLACHJAN and ZpANovA (4) that more auxin is 
produced by plants maintained under long photoperiods than by similar 
plants maintained under short photoperiods. In the present experiments 
it was found that Xanthium grown under long photoperiod contained con- 
siderable amounts of auxin,? but when grown under conditions of short 


2 Auxin determinations by Dr. J. VAN OVERBEEK. 
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photoperiod it contained no appreciable amount of auxin. The produc- 
tion of auxin by the plant appears to be affected by photoperiod just as 
is the production of vitamin B,. It is to be expected that not only the forma- 
tion of auxin and vitamin B, but also the formation of other growth factors 
may be affected by the daily photoperiod to which the plant is subjected. 
Under the conditions of the present experiments it would appear that pro- 
duction of vitamin B, is a particularly limiting factor in the case of Xan- 
thium and of Brassica grown under conditions of short photoperiod. In 
other cases, other factors may be even more greatly affected than vitamin 
B,. This may be the case with Cosmos whose response to added vitamin B, 
is less under short day conditions than under conditions of long day (table 
IV) and with tomato which does not respond to added vitamin B, either 


TABLE IV 
EFFECT OF PHOTOPERIOD AND VITAMIN B, ON THE GROWTH OF COSMOS GROWN IN SAND 
CULTURE. PLANTS HARVESTED FOUR WEEKS AFTER APPEARANCE OF FIRST LEAF 





SHORT PHOTOPERIOD LONG PHOTOPERIOD 





DRY WEIGHT | 


Nuper | Viramin | DRY WEIGHT | Nu ypeR | ViraMIN 

| hoe | OS or | B, PER 
PLANTS | SHOOT PLANTS | SHOOT 
| 





PER PLANT 
Tors | Roots | | Tops | Roots 








- ‘ 
mg. | mg. | Y | mg. mg. Y 





! ' a a Td a Se SS “es ee ae oe Ne 
Control... | 58 92 | 90 0.26 74.5 | 15.0 120 | 0.38 

| | | | 
Added vitamin B, | 67 18.0 60 0.42 135.0 | 26.0 | 90 0.86 


under long photoperiod or short photoperiod, although growth is decreased 
under the latter condition (table V). 


TABLE V 


EFFECT OF PHOTOPERIOD AND VITAMIN B, ON THE GROWTH OF TOMATO PLANTS IN SAND 
CULTURE. PLANTS HARVESTED THREE WEEKS AFTER APPEARANCE OF SECOND LEAF 


SHORT PHOTOPERIOD LONG PHOTOPERIOD 
DRY WEIGHT 
PER PLANT 


| DRY WEIGHT 
PER PLANT 


NUMBER | VITAMIN 
OF | B, PER 
PLANTS SHOOT 


NUMBER | VITAMIN 
OF 3, PER 
PLANTS SHOOT 


| Tors Roots Tops | Roots 








| mg. | mg. y mg. mg. | v 


Control. io | 540 | 70 | 10 | 286 | 1050 | 184 hm a 
Added vitamin B,| 540 70 10 3.18 1260 248 10 5.67 
Discussion 


In an earlier paper (3) it has been shown that the leaves of the different 
species of plants vary greatly in their content of vitamin B,. Different 
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species presumably vary then in the amount of vitamin B, which they are 
able to synthesize. It has also been shown that of these various species, 
those which synthesize relatively large amounts of vitamin B, do not respond 
to the addition of this substance with increased growth, while those species 
which produce relatively little vitamin B, do respond to its addition with 
increased growth. The foregoing data show that with both Xanthium and 
Brassica, the amount of vitamin B, present in the plant is influenced by the 
photoperiod to which the plant is subjected. This is not unexpected in view 
of the fact that vitamin B, is formed by higher plants in the presence of 
light (2). The data also indicate that with Xanthium and Brassica the 
growth response to added vitamin is greater under conditions of short photo- 
period (low vitamin B, synthesis) than it is under conditions of long photo- 
period (higher vitamin B, synthesis). In the present experiments the vita- 
min B, content of the plant varies with the photoperiod; in the earlier ex- 
periments the vitamin B, content of the plant varied with the species but in 
both cases, relatively low vitamin B, content may be correlated with rela- 
tively large growth response to added vitamin B,. 


Summary 


1. Plants of Xanthium, Brassica alba, Brassica nigra, Cosmos, and Lyeco- 
persicum all contain more vitamin B, when grown under conditions of long 
photoperiod (18 hours) than when grown under conditions of short photo- 
period (9 hours). 

2. Xanthium and Brassica respond to additions of vitamin B, more 
strikingly under the conditions of short photoperiod than under those of 
long photoperiod. 

3. It is suggested that the effect of photoperiod on the vegetative growth 
of plants may be mediated by the effect of photoperiod upon the production, 
not only of vitamin B,, but also on the production of other growth factors. 

WILLIAM G, KERCKHOFF LABORATORIES OF THE BIOLOGICAL SCIENCES 

CALIFORNA INSTITUTE OF TECHNOLOGY 
PASADENA, CALIFORNIA 
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OBSERVATIONS ON THE DEVELOPMENT OF CERTAIN CELL- 
WALL CONSTITUENTS OF FORAGE PLANTS? 


EMMETT BENNETT 


(WITH TWO FIGURES) 


Introduction 


In the conventional methods of ‘‘ proximate analysis,’’ pectic substances, 
hemicelluloses, and lignin, for the most part, appear in the ‘‘nitrogen-free 
extract’’ fraction. It is now generally recognized that this method of differ- 
entiation gives very little information as to the nature of the substances 
composing these fractions; hence attempts are being made to ascertain their 
chemical constitution, nutritional value, precursors, and relationships in the 
plant. In this way a better understanding of the metabolism and economic 
value of plants will be obtained. 

The changes which the cell-wall constituents undergo during the devel- 
opment of the plant are not definitely known. True chemical relationships 
cannot be established as yet because the chemical constitution of lignin is 
not known. Transformation studies have been made, however, and a num- 
ber of theories have been evolved. The principal theories as summarized by 
NorMAN (14) are: 

1. That pectin undergoes transformation to lignin. 

2. That the hemicelluloses or certain groups thereof may be converted to 
lignin. 

3. That the polyuronide hemicelluloses are formed from pectin. 

4. That all three substances are connected, lignin being formed from 
pectin through the intermediate stage of polyuronide hemicelluloses. 

Most investigations of this kind have dealt with woody tissues, while a 
few have dealt with grasses, especially cereal grasses. Instances are very 
few, however, in which transformation studies of these compounds have been 
made during the growing period of any one species. 

This paper presents results of a 2-year study of the content of pectin, 
hemicelluloses, and lignin in Kentucky blue grass (Poa pratensis) and red 
clover (Trifolium pratense) taken at successive stages of growth, with 
special reference to the formation of lignin. 


Review of literature 


The literature is both obscure and contradictory. No attempt is made to 
give a complete review; instead, the reader is directed to the relatively 
recent publications by Putuuips (16) and Norman (14). 


1 Published as Contribution no. 343 of the Massachusetts Agricultural Experiment 
Station. 
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In general, transformation theories assume that pectic substances are 
eventually replaced by lignin. The intermediate steps, however, are prob- 
lematical. Fucus (10) assumes that the primary reduction products of the 
cell-wall constituents, especially pectin, are transformed into phenols, which 
by further changes, especially condensations, may result in the formation 
of lignin. Euruicn (9) also considers pectin to be an intermediate product 
in this synthesis. He assumes, however, that the transformation comes about 
through enzymatic action involving decarboxylations, dehydrations, and 
reductions. Other investigators obtained analytical data which indicated 
that some such change occurs. CANDLIN and Scuryver (7) note that ligni- 
fied tissues contain relatively large amounts of lignin and hemicelluloses, 
with only traces of pectin; non-lignified tissues, on the other hand, con- 
tain relatively large amounts of pectins, small amounts of hemicelluloses, 
and no lignin. Menta (11) and Rirrer (19), using pectic solvents, fail to 
find any pectin in the middle lamella of mature woody tissue. O’Dwysr 
(15) suggests that the transformation takes place through the hemicelluloses. 
This suggestion is supported by Batmey’s (3) work on the middle lamella 
of Douglas fir in which he found lignin associated with pentosans. 

Other investigations have disclosed no definite support for the above 
transformation theories. ANDERSON (1) concludes from his work on black 
locust wood that pectic substances are laid down early in growth and re- 
main unchanged as the wood ages. A study of the pectic substances in the 
developing pods of beans and sweet peas by Buston (6) reveals no direct 
evidence for the transformation of pectin to lignin. A new and different 
way of explaining the whole problem is offered by Batey (4) in which he 
states that because of the difference in cell structure it is not essential to 
account for the various ratios of these substances in different plants on the 
basis of transformation. 


Materials and methods of analysis 


Samples of Kentucky blue grass were obtained from the Massachusetts 
State College Farm at Amherst, Massachusetts, for the years 1935, 1936, 
and 1937, and of red clover for the years 1936, and 1938. The first clippings 
of the grass were taken when about three inches tall; subsequent clippings 
were made every 5 to 8 days through the blooming stage. Clover clippings 
were not obtained as early in the season but were made in the same way as 
the grass thereafter. All samples were dried in a forced draft oven at 
60-65° C. 

The following methods of analysis were used on finely ground samples. 

Ash, nitrogen, and total furfural were determined by the A.O.A.C. (2) 
methods. 

Total pectin—All samples were extracted with alcohol prior to an 


exhaustive extraction with 0.6 per cent. ammonium citrate (8). 
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Total hemicelluloses——The procedure outlined by Buston (5) was 
adopted. 

Lignin —A modified Scuwase (20) method was used on material which 
had first been extracted with an alcohol-benzene solution. 


Experimentation 


All results obtained are presented in tabular form; those for pectin, 
hemicelluloses, and lignin are also shown graphically. 


TABLE I 


PARTIAL PERCENTAGE COMPOSITION OF KENTUCKY BLUE GRASS AT DIFFERENT STAGES OF 
GROWTH FOR THE YEARS 1935, 1936, AND 1937 ON A DRY MATTER BASIS 


TOTAL 








DATE OF ASH NITROGEN ror “ns HEMICEL LIGNIN : 1 — 
SAMPLING | | PECTIN Ha) FURFURAL 
| LULOSES 
a = wt = - - a See = 2 — —— 
% % % % % % 

/26/35 7.05 4.06 0.67 14.24 2.86 6.25 
5/ 1/35 5.93 3.35 0.78 19.12 3.53 7.56 
5/ 9/35 5.91 2.70 0.86 22.58 5.06 8.86 
5/16/35 4.82 2.03 0.74 26.44 6.33 10.48 
5/21/35 5.10 1.87 0.90 26.00 6.88 10.20 
5/27/35 4.25 1.50 0.96 27.76 7346 11.97 
5/ 8/36 7.30 3.65 0.90 18.07 4.50 8.72 
5/13/36 7.00 3.39 0.93 19.51 5.86 8.48 
5/20/36 6.58 2.66 0.95 20.22 6.83 9.78 
5/25/36 5.80 2.20 0.59 20.47 7.62 11.16 
6/ 1/36 4.96 1.66 0.62 21.55 8.50 11.20 
6/ 5/36 4.85 1.57 0.52 21.01 8.45 11.77 
6/10/36 4.46 1.21 1.1] 25.08 10.65 12.56 
5/16/37 7.31 3.3: 0.87 20.41 3.17 9.59 
5/21/37 7.47 2.92 0.85 21.36 3.79 9.79 
5/26/37 6.96 2.54 0.74 22.15 1.78 10.78 
6/ 2/37 6.56 2.21 0.78 24.73 6.40 11.70 
6/ 9/37 6.17 1.78 0.83 25.23 6.83 11.72 


TOTAL ASH 


In general, the percentage content of ash in both plants decreased as the 
season progressed. The percentage of ash in the early part of the season 
was consistently greater in red clover. Both these observations are in agree- 
ment with similar work of others. 


TOTAL NITROGEN 
The percentage of total nitrogen in both plants followed practically the 


same seasonal trend as that of the ash. Red clover contained a slightly 
greater percentage of nitrogen than did Kentucky blue grass. 
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TABLE II 


THE YEARS 1936 AND 1938 ON A DRY MATTER BASIS 

















DATE OF TOTAL TOTAL TOTAL 
SAMPLING ASH NITROGEN PECTIN 
% % | % 
5/ 8/36 10.22 4.80 5.61 
5/13/36 9.23 4.11 5.62 
5/20/36 9.09 3.71 5.02 
5/25/36 | 5.77 3.01 5.22 
6/1/36 | 4.94 297 | 4.93 
6/ 5/36 | 4.62 2.63 5.13 
6/10/36 4.31 269 | 5.53 
5/14/38 ao! oe oe 
5/19/38 | 10.37 3.53 8.39 
5/25/38 | 9.93 3.07 8.15 
6/ 1/38 9.92 284 | 8.07 
6/ 9/38 8.92 | 2.75 =| 7.89 
6/20/38 7.72 | 243 | 6.99 


TOTAL 
HEMICEL- 
LULOSES 
% 
6.93 
8.02 
8.45 
9.00 
9.86 
11.19 
11.38 


4.30 
5.69 
5.68 
6.98 
7.00 
8.48 


TOTAL PECTIN 








LIGNIN T OPAL 
FURFURAL 

% % 
4.82 4.85 
5.11 5.12 
5.40 5.58 
6.18 6.12 
6.83 5.50 
9.20 6.51 
9.48 6.58 
5.20 

3.71 5.58 
3.87 6.25 
4.80 6.35 
5.82 6.61 
832. | 681 





Pectic substances in Kentucky blue grass were present in small and rela- 


tively constant amounts. 


Buston (5) working with forage grasses found 


that they are definitely low in pectin and that the relative amounts of hemi- 
celluloses and pectin are similar to those in wood and straw. 
Red clover on the other hand contained relatively large amounts, which 


showed no definite seasonal trend. 
showed a slight but insignificant decrease as the plant grew older. 


The results of the last year, however, 
A com- 


parison of the pectic content of this plant with that of certain structures 


* 
27 DB 
| ‘Sieg 
24) 
| dD 
21 
© 
* / 
E | 
wa 15) 
TD Red meres bs 
--- Pectin 
12 — Lignin 
| —— Hemicelluloses 
9 . 
| 
| 
6 2 
| o 
o 
3) a 
ie 
' 
ol o ° ° ° ° ° ° 
26 ~~ 1 .. =. ee .s 
April May 
DATES OF SAMPLING 1935 
Fig, 1. 


successive stages of growth. 


von a 
a 
o 
o 
° ° o 
is 0—(iOsiS 
Mar 


DATES OF SAKPLING 


r) 
o 
J 
° 
a---o 
° 
° 
i 5 10 
June 
1956 


° ° 2° ° ° ° 
a. hie cmon 
uay June 
DATES OF SAMPLING 1957 


Percentages of pectin, hemicelluloses, and lignin in Kentucky blue grass « 


_— 








BENNETT: CELL-WALL CONSTITUENTS 331 


from other plants (6, 12) revealed that the amounts present, in 1938 espe- 
cially, were similar to leaves. 
An inspection of figures 1 and 2 will disclose the relative differences in 
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Fig. 2. Percentages of pectin, hemicelluloses, and lignin in red clover at successive 
stages of growth. 


content of pectin of the two plants, and the fact that the percentage content 
of the last clipping for either plant in every case was practically equal to or 
greater than that in the first stage of growth. These results do not suggest 
that a transformation of pectin has taken place. Buston (6) working with 
developing pods of beans and sweet peas, obtained results of a similar nature. 


HEMICELLULOSES 


With a few minor exceptions the percentage of hemicelluloses in both 
plants increased as the season advanced. Relatively high percentages of 
this group were found in both species at a very early stage. The percentage 
in red clover was somewhat less than half that in Kentucky blue grass and 
was, in some cases, associated with a similar percentage of pectin. In mature 
Kentucky blue grass the ratio of hemicelluloses to pectin was about twenty- 
five to one. These two examples clearly illustrate the ratio of hemicelluloses 
to pectin that is generally expected in non-lignified and lignified tissue 
respectively. 

TOTAL FURFURAL 


No attempt was made to account for the furfural on the basis of source 
material. The percentage found, therefore, represents furfural contributed 
by pentosans, pentoses, and uronic acids, which for the most part came from 
the hemicelluloses and pectins. In general the percentage of total furfural 
increased in both species as the season advanced. 


LIGNIN 


Lignin, like the hemicelluloses, was present in both species in the earliest 
stage of growth and increased in content as the season progressed. The 
maximum values differed but very little between the species. This fact is 
unusual in view of the large species differences in the percentages of pectin, 
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and hemicelluloses. Seasonal trends are in general agreement with the 
reports of others (13, 17, 18). 
Discussion 


The problem of expressing data obtained from a series of samples rep- 
resenting different ages and sizes, with the hope of illustrating the actual 
metabolic picture, is difficult. The successful expression of data of this kind 
on a percentage basis may be masked because other constituents vary in per- 
centage content from time to time; the expression then is one of relative 
concentration and does not account for the actual quantities involved dur- 
ing growth. A decreasing percentage of a constituent may actually repre- 
sent an increase in the absolute quantity elaborated. On the other hand, 
for constituents present in small percentages which remain constant or 
increase, there can be but little doubt that the quantities increase during the 
growing process. 

In general, the theories involving the formation of lignin are based 
upon the assumption that hemicelluloses and pectins are labile; hence it is 
assumed that pectin will eventually disappear. The figures obtained in 
this investigation show that the pectin content remains relatively constant 
while other constituents are on the increase. This indicates that pectin is 
at least formed faster than it is transformed. This indication, together 
with the fact that red clover contains an amount of pectin in some cases 
equal to the content of lignin, which in turn is similar in amount to that 
found in plants having only traces of pectin, is contrary to the above theory. 

If hemicelluloses are to be considered precursors of lignin it is quite 
evident that the percentage of lignin in Kentucky blue grass should have 
been much higher, or that of red clover much lower. In considering the 
hemicelluloses as intermediate compounds between pectin and lignin, it 
will be noticed that the amounts of these substances bear the opposite 
rather than the expected quantitative relationship to each other. 

It is interesting to note that hemicelluloses and lignin were found in 
definite amounts in the very earliest samples obtained. These observations 
suggest that the compounds are likely to be active metabolic products rather 
than products characteristic of maturity in plants. 

From the chemical data, no direct relationship between the three sub- 
stances is apparent. In the absence of cytological data it would seem that 
the evidence favors Battey’s (4) explanation; namely, that the various 
ratios of these substances may be accounted for on the basis of cell structure. 


Summary 


A study was made of the ash, nitrogen, pectin, hemicelluloses, and lignin 
in Kentucky blue grass and red clover at successive stages of growth, with 
special reference to the formation of lignin. 
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In general the percentages of ash and total nitrogen decreased through- 
out the growing season. 

The percentages of pectin in both species remained relatively constant 
during the growth periods. Kentucky blue grass was similar to wood or 
straw in percentage of pectin, while red clover was comparable to leaves. 

The percentage of hemicelluloses increased in both species as the season 
progressed. The percentage of hemicelluloses in mature Kentucky blue 
grass was about twenty-five times greater than that of pectin, while in red 
clover the content of hemicelluloses was sometimes less than that of pectin 
and never more than about twice as large. 

The percentage of lignin in both species increased as the plants grew 
older. The maximum percentage was about the same for both species. 

Approximately the same percentage of lignin was associated with dif- 
ferent proportions of pectin and hemicelluloses in the two species. 

Lignin and hemicelluloses were found at a very early age. 

No direct evidence was obtained for a relationship between pectin, hemi- 
celluloses, and lignin. The results suggest rather that the different pro- 
portions of these substances may be attributed to a difference in cell 
structure. 

MASSACHUSETTS AGRICULTURAL EXPERIMENT STATION, 

AMHERST, MASSACHUSETTS 
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SOIL TEMPERATURE AND GROWTH OF MARQUIS WHEAT 


D. J. WoreT 


(WITH THREE FIGURES) 


Introduction 


The development of plants as influenced by soil temperature, as distinct 
from air temperature, has not been investigated as fully as have growth 
responses to other environmental factors. 

Broadly speaking, roots grow best at lower temperatures than the shoots 
and they suffer considerably at higher temperatures. BrencniEy (2) 
records injury and death of plants from high root temperatures in water 
cultures. BUSHNELL (3) grew potatoes at different soil temperatures and 
obtained the highest yield of tubers at 18° C., but maximum top growth 
occurred at 21° C. 

From the time of Sacus’s classical experiment in 1860 it has been known 
that decreased soil temperature results in decreased absorption of water by 
plants. Sacus (8) placed a well-watered tobacco plant in a warm room 
and surrounded the pot with ice. After a brief period the plant began to 
wilt, but when the ice was removed and the soil heated it recovered without 
the addition of water. Kramer (7), using a porcelain absorbing surface, 
determined that increasing soil temperatures (0° C. to 43° C.) materially in- 
creased the movement of water from the soil, or in other words, increased 
the water supplying capacity of the soil. 

Transpiration of Helianthus annuus varies very little with soil tempera- 
tures between 55° F. and 100° F., drops rapidly below 55° F., is reduced 
to half at 38° F., and approaches zero at 32° F., according to the findings of 
CLEMENTs and Martin (4). 

JONES (5) reports that low soil temperatures are responsible for chlorosis 
of gardenias. His four conclusions are: 1. color of leaf is affected by soil 
temperature; 2. size of leaf and rate of growth are related to soil tempera- 
ture and not to air temperature, leaf size increases with increasing tem- 
peratures up to 32° C.; 3. bud set is best obtained by growing plants at high 
soil temperature and then dropping the temperature to a point where 
vegetative development is stopped ; 4, air temperature is of little importance, 
and that only in as much as it affects soil temperature. 

Soil temperature effects on blooming were investigated by ALLEN (1). 
He found that the flowering of some varieties of stocks was affected but little 
by soil temperature; higher temperatures increased the length of time 
to bloom and the number of flowers per plant of snapdragons. The 
morphology of wheat seedlings as related to soil temperature was studied by 
TayLor and McCauu (9). 
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Jones et al. (6) state that the wheat plant functions best in all stages 
of its development at relatively low soil temperatures. The favoring in- 
fluence of low temperature is more marked during the seedling stage. While 
the wheat (Marquis and Turkey) started germination most promptly at 
24° to 28° C., germination was more uniform and stronger plants re- 
sulted at low soil temperatures, of about 8° to 10° C. Although the higher 
soil temperatures stimulated the early development of tops, these too were 
ultimately stronger at the lower temperatures. The best plant, as measured 
by stockiness and early maturity, developed at a soil temperature of about 
16° C, 

Experimentation 


An experiment to determine the response of Marquis spring wheat to 
various soil temperatures was conducted during the summer of 1937 and 
repeated with slight modifications and more numerous temperatures during 
the summers of 1938 and 1939. 


MetTuop 


Marquis wheat was planted one inch deep in good loam soil in two-gallon 
porcelain containers. The containers were submerged in water in covered 
tanks to within 2 inches of their tops. The temperature of the water was 
thermostatically controlled with the exception of the 22° C. tank. Twenty- 
two degrees was the lowest temperature that could be obtained by using 
continuously running water from the water mains and the temperature of 
the water (hence of the soil in the container) in this tank rose at times to 
24° ©. and fell to 21°C. Fluctuations of 1° C. in the other tanks were 
seldom. The dates of planting, harvest, durations of the experiments, 
number of replicate containers at each soil temperature, number of plants 
and the soil temperatures used are given in table I. 


TABLE I 


DATES OF PLANTING, HARVEST, DURATIONS OF EXPERIMENTS, AND SOIL TEMPERATURES USED 





| ToTAL | 





Pots 
| PLANTS De 
y Date or | DATE OF AT EACH a sre DURATION OF | SOIL TEMPER- 
EAR PLANTING HARVEST TEMPERA- TEM PERA- EXPERIMENT | ATURES °C, 
TURE pals came | 
rURE | 
1937 July 1 Aug. 27 2 10 57 days 22°, 33°, 44° 
1938 July 9 Aug. 26 2 10 —  ** 22° to 44° in 
intervals of 
2 degrees 
1939 July 3 Sept. 11 5 15 El 22° to 42° in 


intervals of 
4 degrees 
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In 1937 and 1939 the wheat was allowed to grow at a soil temperature 
of 26° C. for 5 days before the final soil temperatures, given in table I, were 
established and maintained. In this way the plants later grown at the 
various soil temperatures were well established. The 1938 temperatures 
were maintained from the beginning, the grain being sown in soils at these 
temperatures. The grain failed to germinate at 42° and 44° C., and al- 
though resown, the wheat failed to grow. In the 1937 experiment all 
plants grown at 44° C. died within 35 days. 

The temperature in the greenhouse was uncontrolled and rose nearly 
every day to at least 100° F., falling at night to approximately 70° F. 

The pots were given sufficient water once a day to keep the soil at all 
temperatures moistened to approximately the same degree. More water 
had to be added to the higher temperature pots than to the lower. Drains 
from the containers provided constant drainage of excess water. 

When the plants were harvested the soil was washed from the roots and 
the roots then rinsed several times in tap water which removed practically 
all adhering soil particles. The roots were then rinsed several times in a 
5 per cent. sodium chloride solution and finally in distilled water. 


Results and discussion 


As mentioned above the wheat failed to grow at soil temperatures of 
42° and 44°C. in the 1938 experiment. These temperatures were main- 
tained from the time of sowing. In the 1937 experiment all plants grown at 
44° C. died within 35 days. 

The data for the three experiments are very similar and those for 1939, 
being representative, are the only ones tabulated. Significant differences 
are mentioned in the discussion. 


TABLE II 


GROWTH AND HARVEST DATA, 1939 
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22 10.1 25.0 12.2 4.3 65 1.61 0.40 2.01 4.0 
26 10.2 22.5 12.1 3.5 63 0.96 0.23 1.19 4.2 
30 9.3 20.1 9.9 2.3 59 0.62 0.11 0.73 5.6 
3 8.4 16.4 dat 1.6 54 0.21 0.03 0.24 7.0 
38 7.0 11.5 3.3 r.3 61 0.14 0.03 0.17 4.7 
42 6.0 a 2.3* 1.4* 0.06* 0.013 0.073 4.6 


* Only 8 of the original 15 plants survived at 70 days. 
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HEIGHT OF PLANTS, ROOT LENGTH, AND TILLER NUMBER 


The heights of the plants, measured from the soil level to the tip of the 
longest leaf of the leading tiller, were taken throughout the growing period 
at weekly intervals. 

The curves of the average growth of the plants at each soil temperature 
are shown in figure 1. The comparative heights of the plants at 14, 21, 28, 
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Fie. 1. Curves of the average growth of Marquis wheat from 5 days to 35 days. 
The solid graphs represent the average growth of plants at the soil temperatures indi- 
eated. The broken lines are the height curves at the ages stated. 


and 35 days are given by the broken line. The decrease in height of the 
plants grown at a soil temperature of 42° C. between the age of 28 and 35 
days is attributed to considerable death of leaves in this interval. The height 
of these plants at 70 days was 7.2 inches, whereas the average height at the 
age of 28 days was 7.47 inches. 

Growth of plants at soil temperature of 26° C. for the first 5 days, and 
then at various soil temperatures (as in 1937 and 1939), produced greater 
height at the higher temperatures and lesser height at lower temperatures, 
measured 14 days after planting, compared with plants grown at the various 
soil temperatures from the start (as in 1938). This treatment also enabled 
the plants to withstand high soil temperatures for an additional 65 days. 
The heights at the same temperatures 42 days after planting were very simi- 
lar in the three experiments, differing by less than an inch in most eases. 
The differences caused by the initial treatment had been overcome. 

The number of tillers decreased from 4.3 at 22° C. to 1.4 at a soil tem- 
perature of 42° C., as shown in table II. A corresponding decrease in yield 
of grain would be expected to follow owing to the reduction in the number 
of heads. 

The length of roots decreased with increasing temperatures, the greatest 
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decrease occurring between 30° and 34°C. The greatest decrease in stem 
height occurred between 34° and 38°C. The greater decrease in roots 
than in stems, relatively, between 30° and 34° C. results in an increased top 
root ratio at these temperatures, but the later decrease in tops restores the 
ratio to approximately the same value as at the lower soil temperatures 
used. 
WEIGHTS OF TOPS AND ROOTS AND TOP ROOT RATIO 
Dry weights of tops and roots and total dry weight decreased with in- 


creasing temperatures as shown in table II. These values are expressed 
graphically in figure 2. 
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Fig. 2. Dry weights of tops and roots and the top root ratios. The weights are 


the average per plant, expressed in grams, for plants grown at the soil temperatures 
indicated. 
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In the 1939 experiment the top root ratio rose from 4.0 at 22° to 7.0 at 
34° C. and fell thereafter to 4.6 at 42° C. This is indicative of a greater 
comparative reduction in roots than in tops as the soil temperature rises to 
34° C. Above this temperature the falling ratio indicates a greater reduc- 
tion in tops in comparison with roots. The results of the former experiments 
indicate the same ratio behavior. In 1938 the ratio rose from 4.6 at 22° to 
7.1 at 30° C., falling once more to 3.0 at 40° C. It is apparent, therefore, 
that with increasing soil temperatures the top root ratio increases reaching 
a maximum at 30°-—34° C., and falls again at higher soil temperatures. The 
findings of these experiments indicate that the general statement found in 
the literature that roots suffer more than shoots at higher temperatures is 
true for Marquis wheat only to 30°-34° C. Above these temperatures the 
reverse holds true. 

SIZE AND COLOR OF LEAVES 

Observations as to the leaf size and color were made when the plants 
were 42 days eld. Leaf length, width, and area were at a maximum at 22° 
S., the lowest temperature used in the experiments. The leaves became 
visibly lighter in color as the soil temperature increased above 32° C. 








Fie. 3. Plants of the 1939 experiment when harvested at 70 days. The plants 
are representative of 15 grown at soil temperatures shown on the pots, expressed in 
degrees centigrade. 


HEADING 


Heading was assumed to have occurred when the head had completely 
emerged from the sheath. The Marquis wheat grown in 1937 at a soil tem- 
perature of 22° C. headed in an average of 57 days, while that grown at 33° 
C. headed in an average of 51 days. The higher soil temperature in this 
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ease accelerated heading by 6 days. No plants headed within 48 days, the 
duration of the 1938 experiment. 

The 1939 heading data are included in table Il. The average heading 
time was 65 days at 22° and 54 days at 34° C., a decrease of 11 days. At 
38° C. the average time to head increased to 61 days. A number of heads 
were sterile at this temperature. No heads were formed at 42° C. Heading 
was thus accelerated as the soil temperature rose from 22° to 34° C., but was 
retarded or prevented at higher temperatures. 


Summary 


1. Marquis spring wheat was grown in the greenhouse at soil tempera- 
tures ranging from 22° to 44° C. over a period of three years. 

2. Plant height, root length and extent, and tiller number decreased as 
the soil temperatures rose from 22° to 42° C. 

3. Greatest dry weights of tops and roots and total dry weight, at time 
of harvest, resulted in plants grown at a soil temperature of 22° C., the 
lowest maintained in these experiments. The top root ratio reached a maxi- 
mum at temperatures of 30° to 34° C., falling again as the soil temperature 
was further increased. 

4. Leaves were largest at 22° C. and became lighter in color as the soil 
temperature rose above 32° C. 

5. Increasing the soil temperatures from 22° to 34° C. accelerated head- 
ing by as much as 11 days. Soil temperatures above 34° C. retarded or 
prevented earing. 

THE UNIVERSITY OF CHICAGO 
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EFFECT OF CERTAIN THIOCYANATE SPRAYS ON FOLIAGE 
AND FRUIT IN APPLES’ 


R. B. DusTMAN AND I. J. DUNCAN 


(WITH ONE COLORED PLATE ) 


As set forth briefly in a recent publication (5) the authors have found 
that certain thiocyanates, applied as sprays to the foliage and fruit during 
the growing season, affect the formation of red color in apples. This red 
pigment has been shown (4, 6) to be idaein, a glycoside which yields ey- 
anidin and galactose on hydrolysis. Growers in general recognize the impor- 
tance of good color in apples, and any practical procedure which improves 
color may offer an advantage from the standpoint of sale value. 

During the summer of 1936 amid general trials with numerous substances 
including both organic and inorganic materials, some of which were applied 
as injections, others as sprays, and still others as dips or immersion treat- 
ments, observations suggested that color was being affected in those fruits 
receiving sprays of soluble thiocyanates. Further trials during the follow- 
ing season confirmed the earlier results and indicated that the thiocyanate 
ion was the effective agent, irrespective of the positive ion with which it was 
associated. Denny (1, 2,3) has already shown that sodium, potassium, and 
ammonium thioeyanates exhibit an unusual physiological effect on dormant 
potato tubers by breaking or shortening the normal rest period. 


Materials and methods 


EQUIPMENT AND CONTROLS 


During the summers of 1937 and 1938 all materials used were applied to 
individual limbs with a small hand-sprayer while nearby limbs were pro- 
tected from drifting spray by sheets of heavy paperboard. In 1939 most of 
the applications were made with power-spray outfits. In the power-spray 
trials entire trees were sprayed except for one limb of each tree, which was 
selected as a control and covered with a heavy canvas during the spraying 
operation. 


V ARIETIES 


The varieties tried thus far have included Duchess, Red Duchess, Melba, 
McIntosh, Maiden Blush, Wagner, Delicious, Jonathan, Stayinan, Rome, 
York, Wealthy, Winesap, Spy, Baldwin, Grimes, Golden Delicious, Yellow 
Transparent, Early Harvest, and several others. 

1 Published with the approval of the Director of the West Virginia Agricultural 
Experiment Station as Scientific Paper no. 229. 
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THIOCYANATES 


In the hand-spray trials the substances used have included combinations 
of the thiocyanate radical with sodium, potassium, calcium, magnesium, 
barium, copper, lead, ammonium, methyl, ethylene, isopropyl, n-butyl, urea, 
hydrazine, aniline, pyridine, trimethyl amine, triethanol amine, nicotine, and 
other groups. In these trials certain of the thiocyanates were tried in mix- 
tures with other common spray materials such as arsenate of lead, bordeaux, 
lime sulphur, and flotation sulphur. 

In the power-spray trials sodium thiocyanate was the only thiocyanate 
used, and it was applied alone in all instances. 


CONCENTRATIONS 


The concentrations employed in the hand work have varied from 0.05 
per cent. to 0.5 per cent. (in the case of certain insoluble substances suspen- 
sions of corresponding strength were used, sometimes with the addition of 
other materials to increase the solubility of the desired substance). The 
concentrations of sodium thiocyanate in the power-spray trials varied from 
0.05 per cent. to 0.2 per cent. 


TIME AND NUMBER OF APPLICATIONS 


The number of sprays applied has varied from one to five, and the time 
of application has varied from June to September, inclusive, depending 
upon the variety under test, its stage of maturity, and the character and 
degree of response obtained. When more than one spray was applied, appli- 
cations were usually made at intervals of approximately ten days. With 
late fall and winter varieties two to four sprays applied during August and 
early September in general gave best results. 


Results 
EFFECT ON FOLIAGE 


Virtually all of the thiocyanate sprays that have produced color effects 
have resulted also in a greater or lesser amount of injury to the foliage. In 
some instances where the materials were applied in too great concentration, 
or too frequently, this injury has been excessive; in other instances the 
amount of leaf-burn has been little or no more than would be expected from 
other spray materials in common use. The first noticeable effect of the 
spray is a marginal burn of varying width at the edges and tips of the leaves 
which makes itself apparent over a period of several days following the 
application of the thiocyanate. Later, in many leaves, particularly follow- 
ing additional applications, a chlorotic area or band develops inside the 
marginal burn, which has now become brown in appearance. Some of the 
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smaller and more tender leaves of the leaf clusters may turn yellow and 
fall. Repeated applications of spray result in an increase of the chlorotic 
tissue, but the portions of the leaf next the midrib remain green. Many of 
the leaves tend to curl slightly at the edges where the margins are brown. 

An interesting feature of this chlorotic condition is its tendency to dis- 
appear as the sprays are discontinued and the season advances. Thus there 
is a partial recovery of the tree from the shock sustained, which in some 
instances has been so complete that the only abnormal appearance at the end 
of the season was a narrow brown strip at the margins of the injured leaves. 
Sprayed and unsprayed foliage was apparently almost equally green. 

Another feature of interest is the observation that the foliage of the 
sprayed limbs or trees appears to be retained equally well in the fall with 
that of the unsprayed controls. No differences have been noted in the time 
of leaf fall. 

EFFECT ON FRUIT 

With most varieties any increases in the amount of red color formed do 
not occur suddenly but come in gradually over a period of weeks. There is 
a change not only in the amount of pigment produced but also in the quality 
of the pigment formed. Thus the normal, natural red color of the Stayman 
is a dark red or brick red frequently admixed with varying amounts of 
yellow, green, and brown. The Stayman sprayed with thiocyanates, on the 
other hand, shows a brighter red with a coral tint. This difference is most 
readily observed by a comparison of sprayed and unsprayed fruits. 

In addition to the changes in red coloration there are also changes in 
ground color. The dark green of the unsprayed fruit is replaced in con- 
siderable degree in the sprayed fruit by the lighter greens, yellow greens, 
and yellows ordinarily associated with more advanced maturity. This is 
especially true for varieties normally showing relatively small areas of red 
and correspondingly larger areas of green or yellow. When sprayed with 
thiocyanates, Golden Delicious and Grimes may be greenish yellow or full 
yellow rather than green when harvested. Spraying likewise tends to in- 
crease slightly the amount of blush sometimes found on these varieties. 
When Yellow Transparent was sprayed with sodium or calcium thiocyanate 
the stage for marketing was reached several days earlier than with un- 
sprayed fruit, largely as a result of the hastening of the color change from 
green to yellow. Other maturity tests might be advisable, however, before 
picking such fruits for market. 


Although changes in ground color would seem to indicate a hastening of 
maturity, a corresponding progress in softening does not appear to take 
place. No pressure tests have been made thus far, but general observations 
show a firmness of tissue probably equalling that of unsprayed fruit. More- 
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over, retention on the tree seems to be no less for the sprayed fruit and may 
be somewhat greater in certain varieties. Furthermore, storage records thus 
far indicate a superior keeping quality for the sprayed fruit. This might 
be anticipated, however, since it is generally recognized that fruit of high 
color is less subject to scald in storage than corresponding fruit of low color. 

Finally, some varieties show still further changes in the sprayed fruit. 
Stayman, for instance, may show a smoother surface with less scarf skin, 
accompanied by a moderate reduction in the size and prominence of the 
lenticels, and a somewhat thickened skin. Under certain conditions Grimes 
has taken on a waxy, yellow-amber appearance when sprayed with nicotine 
thiocyanate. 


Discussion 


During the summer of 1939 some fifty trees were sprayed with a power- 
spray outfit using sodium thiocyanate, alone, at concentrations of 0.05, 0.1, 
or 0.2 per cent., respectively. Of these trees about thirty were located on the 
University Horticulture farm at Morgantown, and the remainder on the 
University Experiment Farm located at Kearneysville, in the eastern pan- 
handle section near Martinsburg, West Virginia. Usually the first spray 
was of 0.1 per cent. concentration, and the following sprays were of 0.05, 
0.1, or 0.2 per cent., respectively, depending upon the response as shown by 
the amount of foliage burn and color increase obtained. When only one 
spray was applied, particularly if this was applied rather late in the season, 
a concentration of 0.2 per cent. was usually employed. On the whole the 
results obtained at Kearneysville were not nearly as pronounced as those 
obtained at Morgantown. This difference in physiological response appears 
to be related to environmental factors, as several of the varieties tried were 
the same in each location. 

One noticeable result of the thiocyanate spray is the difference in sus- 
ceptibility to foliage burn, as shown by the different varieties. Thus the 
foliage of Delicious and Stayman is relatively resistant, whereas Golden 
Delicious and Rome are more readily injured by the spray. Color responses 
likewise differ with the different varieties. Stayman has responded rather 
better than Delicious in color effect ; and Jonathan, a variety usually carry- 
ing good color in this region, nevertheless gave considerably better response 
than others of lower color such as Spy. It is easily possible that part of the 
differences experienced thus far are to be attributed to inherent individual 
factors since it has been observed that different trees of the same variety in 
the same row may show considerable variation in response to the treatment. 
It seems probable, however, that there are general varietal differences also. 

Another feature resulting from the thiocyanate spray, and easily appar- 
ent, is the larger number of fruits showing some color and the greater 
amount of color on the inside branches in positions of poorer exposure to 
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light. With some varieties and in certain seasons normal coloration appears 
to be fairly good, as seen on the tree, when in reality the color is confined 
almost entirely to a shell of exposed fruits on the outer branches. When 
sprayed with thiocyanate such trees show an increased distribution of color 
underneath on the interior branches. This does not mean that light is un- 
essential to color development on the sprayed fruits. ‘On the contrary, light 
is a very important factor either with or without thiocyanate spray, but the 
latter aids in the production of color for any given conditions of exposure. 

As stated earlier the increase in red color following thiocyanate sprays 
usually does not take place suddenly, but comes in gradually. The foliage, 
on the other hand, responds somewhat more rapidly. Consequently, it has 
been possible to gauge the concentrations and number of successive sprays 
desirable in any given instance as much (or more) by the leaf response as 
by the effect on the fruit. The thiocyanate ion appears to be a rather power- 
ful physiological agent which affects both foliage and fruit. Further, if 
leaves only are sprayed and the fruits protected, or if fruits only are 
sprayed and the leaves protected, a color response will be obtained in the 
fruit in either case, but one less pronounced than where both fruit and foli- 
age are exposed to the action of the chemical agent. 

The thiocyanate spray has been applied in combination with other com- 
mon spray materials including summer-strength lime sulphur, flotation sul- 
phur, arsenate of lead, and bordeaux mixture, and appears to be compatible 
with each. Hand-spray trials of sodium thiocyanate vs. potassium thio- 
cyanate and of sodium thiocyanate vs. calcium thiocyanate, in the same per- 
centage concentration, indicated no pronounced differences in the color 
response obtained. More recently additional trials on similar exposures of 
the same tree gave no appreciable differences between solutions of equivalent 
thiocyanate ion concentrations of sodium, calcium, magnesium, and barium 
thiocyanates, respectively. Cuprous thiocyanate, and lead thiocyanate, how- 
ever, were less effective in color response, possibly as a result in part of lower 
solubility. Ammonium thiocyanate is effective in increasing color but has 
the disadvantage of causing the production of small darkened areas or 
‘pits’? in the skin. These darkened areas, however, did not decrease keep 
ing quality in storage. Among other organic thiocyanates, nicotine particu- 
larly, gave a fair color response in several varieties. 

The work has not been of sufficient duration to warrant a statement of 
the probable effect of the thiocyanate treatment upon the bloom, set, or yield 
of the succeeding year’s crop. In the hand-spray work individual limbs 
which showed moderate to severe foliage burn as a result of thiocyanate 
sprays in the summer of 1938, nevertheless carried good vields of fruit in 


1939. It should be remembered, however, that only during the season just 


past have entire trees been subjected to this spray treatment, and conse- 
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quently evaluation of its effects on subsequent bloom and set of fruit musi 
await further observation. 


Summary 


It has been found that soluble thiocyanates, particularly inorganic thio 
cyanates, used as a spray on apples during the growing season, exert a pro 
nounced physiological effect on both foliage and fruit as follows: In the 
foliage the leaves are subjected to spray burn and to a chlorotie condition 
arising from the effect of the chemical on the green coloring matter of the 
plant. In the fruit the amount of red color occurring normally tends to be 
increased and the green ground-color tends to be reduced or replaced by 
varying shades of yellow and yellow green. 


The authors desire to express their indebtedness and appreciation to 
various members of the station staff, and particularly to Prof. R. S. Mars 
of the Department of Horticulture, and Epwin Gou.p of the Department of 
Entomology, for generously providing facilities and cooperating in every 
possible manner with the work. 
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Fic. 1. Fruit from Delicious tree in Fig. 2. Control on right 


Photographed Sept. 28, 1939 





Fic. 2. Delicious, sprayed four times. Control limb with white tag in center 


Photographed Sept. 6, 1939 
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DOES ‘‘C.P. GRADE’”’ SUCROSE CONTAIN IMPURITIES SIGNIFI- 
CANT FOR THE NUTRITION OF EXCISED TOMATO ROOTS? 


PHILIP R. WHITE 


(WITH TWO FIGURES) 


Ever since the early work of Korre (2) and Roppins (4) on the limited 
cultivation of excised roots there has persisted the conviction, formulated at 
that time, that growth of such roots is dependent on unknown as well as 
known factors. Rosstns (5), Ropprns and Manevau (7, 8) and later Ros- 
pins and V. B. Waite (10) coneluded that growth of excised corn roots was 
dependent on some unknown material not contained in the salts of Pfeffer’s. 
solution, glucose, water, dissolved gases, peptone, or autolyzed yeast. It has 
subsequently been shown that continued growth of excised roots of many 
plants other than corn can be obtained in a nutrient containing these same 
salts, brewer’s yeast, and sucrose (12, 14) and that roots of tomato, sunflower, 
and pea can be grown in a similar salt solution plus cane sugar, thiamin, and 
glycine, or other amino acids (17). Rossrns and Scumipr (9), and FrepLer 
(1) nevertheless return to this idea of unknown essentials in discussing recent 
results obtained with tomato roots and postulate the existence of such un- 
knowns in the carbohydrates used. 

This interpretation may, of course, be sound. But it appears not to be 
based on actual evidence. It should, however, be possible to test this ques- 
tion. If the growth obtained with certain sugars is attributable to the pres- 
ence of impurities, as suggested, then progressive removal of these impurities 
should result in progressively poorer and poorer growth. To obtain evidence 
bearing on this question, a sample of sucrose purissima was obtained from the 
U. 8. Bureau of Standards in Washington, D. C.'. This is their ‘‘Stand- 
ard Sample no. 17’’ prepared for use in molecular weight determinations, 


calorimetric studies, etc. Its designated properties are: specific rotation 
20° C. . 

[a]— = 78° .342 
546.1 my = ; ’ 
20° C. when C = 26 gm. in 100 ml.; heat of combustion 3941 


f _—fR° FO 
i — = 66° .529 
589.25 mu 


calories per gram weight in air; lot no. 3854; moisture less than 0.003 per 
eent.; ash, 0.003 per cent.; reducing substances estimated as invert sugar, 
0.002 per cent. This sugar is prepared by repeated crystallization. The 
Bureau of Standards states: ‘‘This material is the result of many years ex- 
perimentation and experience in handling and in methods of preparation. 

1T am indebted to Dr. EvGENE Pacsv, Professor of Organic Chemistry in Princeton 


University and specialist in the chemistry of sugars, for advice and 
subject. 


counsel on this 
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The impurities have been reduced to the lowest possible point consistent with 
the issuing of a standard sample’’ (3). Spectroscopic examinations carried 
out in The Rockefeller Institute laboratories in New York by Dr. George I. 
LAVIN indicate that the inorganic impurities are largely calcium with some 
magnesium. Traces of calcium or magnesium are, of course, without sig- 
nificance (11). While an ash content of 0.003 per cent. still represents a total 
ash impurity of 0.6 mg. per liter of nutrient, it does not appear feasible to 
push the purification further at present. This paper gives the results of 
experiments designed to compare the effectiveness of this highly purified 
sucrose with that of ‘‘C.P. grade’’ 
studies, with commercial cane sugar available in grocery stores, and with 
Pfanstiehl’s ‘‘C.P. grade’’ dextrose, considered by Rossins and Bartuey (6) 
and by Rossins and Scumipt (9) as being equally effective with sucrose as a 
carbohydrate source for tomato roots. 


sucrose such as was used in all earlier 


Experimentation 


Roots of this laboratory’s standard clone were used for these tests. They 
had been grown for 301 passages in the yeast nutrient earlier employed and 
then for three passages in a completely synthetic (glycine-thiamin) nutrient 
(17), which is now used as a standard in all work. The nutrients tested con- 
tained the standard salts and accessory salts discussed elsewhere (16), 3 
p.p.m. glycine (17) and 0.1 p.p.m. thiamin (15), and carbohydrate. Twenty 
flasks contained the usual 2 per cent. Pfanstiehl ‘‘C.P. grade’’ sucrose and 
represented the standard control. Twenty contained 2 per cent. commercial 
cane sugar purchased in a local grocery, 20 contained 2 per cent. Bureau of 
Standards standard-sample sucrose as described above, 20 contained 2 per 
cent. Pfanstiehl ‘‘C.P. grade anhydrous’’ dextrose of the same make and 
grade as that used by Roppins and BartTLey (6) and Roppins and Scumipr 
(9) and, since a 2 per cent. solution of dextrose has an osmotic value twice 
that of a 2 per cent. sucrose solution, a fifth set of 20 was prepared contain- 
ing 1 per cent. dextrose, isotonic with the sucrose solutions. Each flask con- 
tained a single root, the inocula having been carefully selected to insure uni- 
formity. Roots were grown in these five solutions through three consecutive 
passages and the increment rates, numbers of branches, and general appear- 
ance compared. The series was repeated once. The results of these 600 cul- 
tures are shown in figures 1 and 2. 

The numerical growth indices for the three samples of sucrose did not differ 
consistently or significantly either from sample to sample or from passage to 
passage in solutions containing the same sample, although the average index 
for store sugar and for Bureau of Standards sucrose was in each case about 
10 per cent. greater than the control (18). Nor did the average number of 
branches formed differ significantly. The growth habits, however, did differ 
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somewhat. Roots in Pfanstiehl’s ‘‘C.P. grade’’ sucrose and in grocery store 
sugar were almost identical in appearance, being rather thick, white and bent. 
The average maximum length of their branches was 10 mm. and 9 mm., re- 
spectively. Those grown in the Bureau of Standards sucrose were somewhat 
more slender and flexible, not bent, with somewhat shorter branches (7 mm. 
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Sucrose Sugar Standards Dextrose Dextrose 
2% 2% Sucrose 1% 2% 


Fia. 1. Numerical indices of growth of excised tomato roots in various sugar solu 
tions as indicated. Open columns represent the first passage, hachured columns the 


second passage, and solid columns the third passage in the experimental solution, 


average maximum) but more regular habits. While experience has shown 
that, in general, thickened roots of the type formed in the first two sugars 
result from slightly injurious cultural conditions, the difference was not suffi- 
ciently marked to be of certain significance. Roots grown in dextrose solu- 
tions, on the other hand, were definitely inferior to those grown in any of the 
sucrose solutions (18). This last finding is contrary to the conclusions of 
tOBBINS and BarTLEY (6) and Rogseins and Scumipr (9) and supports the 


earlier conelusions of the writer (13). 
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Fig. 2. The two roots at the left were grown in 2 per cent. store sugar, the set next 
to them in 2 per cent. Pfanstiehl ‘‘C. P. grade’’ sucrose, those in the middle in 2 per 
cent. Bureau of Standards sucrose, those next in 2 per cent, Pfanstiehl ‘‘C, P. grade’’ 
dextrose and those at the far right in 1 per cent. Pfanstiehl ‘‘C. P. grade’’ dextrose. 
The photograph was taken at the end of three passages in each solution. (Photograph 
by J. A, CARLILE.) 


Discussion and conclusions 


From the data presented here, it is clear that growth in the most highly 
purified sample of sucrose was slightly superior to that obtained in the Jess 
pure samples. Pfanstiehl’s ‘‘C.P. grade’’ sucrose may contain impurities 
which affect the growth of excised tomato roots, but these impurities cer- 
tainly do not, stimulate elongation. They tend rather to retard it. The 
Bureau of Standards sucrose contained about 35/1000 as much ash as did 
Pfanstiehl’s ‘‘C.P. grade,’’ yet supported slightly more satisfactory growth 
than did the latter. A differential of 35: 1000 in known ash content had 
little effect on growth and that opposed to the effect expected from the theories 
cited above. Pfanstiehl’s ‘‘C.P. grade’’ sucrose does not appear to be su- 
perior in this respect to the particular sample of grocery store sugar used in 
these tests, although no evidence has been collected as to the relative reliabili- 
ties of sugar from these two sources. The facts can be reconciled with the 
idea of significant impurities only if we assume that both pure and impure 


sugars contained the same impurities at concentrations giving the same effects 


Either the postulated impurities were organic and were not fractionated by 
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the recrystallization process, or else they were present in quantities greatly 
in excess of the optimum, yet were not toxic at these high concentrations, 
These are rather large assumptions to make without supporting evidence. 
And the facts are equally well in agreement with the alternative and much 
simpler assumption that significant impurities were not present in these 
materials 

It is, therefore, concluded that the best evidence at present available does 
not indicate the existence in ‘‘C.P. grade’’ sucrose of impurities necessary for, 
or clearly beneficial to, the growth of excised tomato roots. 
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BRIEF PAPERS 


SUCROSE VS. DEXTROSE AS CARBOHYDRATE SOURCE FOR 
EXCISED TOMATO ROOTS 


PHILIP R.WHITE 


In early studies on the cultivation of excised roots of wheat (3) carbo- 
hydrate was supplied in the form of ‘‘C. P. grade’’ dextrose (Pfanstiehl) at 
a concentration of 2 per cent. This choice was based on Rossins’s earlier 
studies on roots of corn and was made without personal experimentation. 
Since the results seemed to be satisfactory, and interest at that time centered 
rather around other problems, no attempt was then made to determine the 
relative merits of other sugars. When, in 1932, attention was turned from 
wheat to tomato, comparably satisfactory results were not at first obtained. 
A survey of carbohydrate sources was made to determine if dextrose, shown 
to be satisfactory for wheat, might be surpassed by some other sugar. The 
carbohydrates tested were: one pentose (l-arabinose) ; five hexoses (d-man- 
nose, d-galactose, d-glucose, d-fructose, and i-inosite) ; three di-saecharides 
(sucrose, lactose, maltose) ; one tri-saccharide (raffinose) ; one polysaccharide 
(dextrin) ; and one unidentified mixture (honey). All of these except the 
mannose and maltose (both Kahlbaum) and the honey were Pfanstiehl ‘‘C, P. 
grade’’ products. They were made up in nutrients containing the standard 
salts and yeast extract of the solution earlier developed and were introduced 
at concentrations equimolecular with the 2 per cent. dextrose solution previ- 
ously employed. The results of that test are summarized in table I. They 


TABLE I 


GROWTH OF EXCISED TOMATO ROOTS IN NUTRIENTS CONTAINING EQUIMOLECULAR SOLUTIONS 
OF VARIOUS SUGARS 
(DATA COLLECTED IN DECEMBER, 1932, AND JANUARY, 1933) 


Sinan | MEAN GROWTH RATE Comnemen 
eet MM./CULT./DAY 


¥ spemaell ! . ecg 
| 
| 


l-arabinose None Crooked, pale. No growth 

d-mannose 0.3 Slender, white, bent. Good condition 

d-galactose 0.3 Slender, brown, tips black. Poor condition 

d-glucose 0.5 Swollen, brown, branched. Poor 

d-fructose 0.5 si ey - " 

i-inosite 0.6 Slender, white, tips dead. Poor 

sucrose 3.6 Slender, clean, white. Excellent 

lactose 0.6 Slender, clean, white. Good condition 

maltose 0.5 Slender, brown, tips black. Poor 

raffinose 0.7 Slender, clean. Bases green. Good condi- 
tion 

lextrin 0.7 Slender, clean, white. Good condition 

honey None Swollen, brown. Poor condition 
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represent an unequivocal demonstration of the superiority of sucrose under 
these experimental conditions over all of the other sugars examined. A con- 
centration of 2 per cent. sucrose was subsequently found somewhat superior 
to the 4 per cent. equimolecular with the 2 per cent. dextrose used for wheat. 
Since the major interest at that time was not to investigate carbohydrate 
metabolism but rather to find conditions which would permit unlimited 
growth, the details of these experiments were not published and the question 
was passed over with the statement (1934) that ‘‘sucrose ... was found ex- 
perimentally to be superior to dextrose (for tomato)’’ (4, p. 587) and (1936) 
that ‘‘tomato requires sucrose, being unable to utilize dextrose under the 
conditions studied’’ (5, pp. 430-431). 

These statements stood unchallenged until 1937 and 1938 when Ropsrns 
and Bartuey (1) and Rogsrns and Scumipt (2) concluded on the basis of 
their own experiments that ‘‘tomato roots are able to assimilate dextrose.”’ 
These authors used several strains of tomato roots, including one obtained 
from the present writer, and used several sources of sucrose and dextrose. 
Their results do not show dextrose to be superior to sucrose but do show that 
carbohydrate source was not a limiting factor in their experiments (2, table 
14). They are not directly comparable with results obtained in this labora- 
tory, since a different source of yeast, a different length of culture period, 
and a different method of evaluating growth were employed. They are, 
nevertheless, sufficiently at variance with the results obtained here to make 
a re-examination of the question desirable. No attempt has been made to 
repeat the work of these authors. My own earlier experiments have been 
repeated using a technique similar to that which was employed before, except 
for minor improvements introduced from time to time during the past six 
years. 

The roots used were of this laboratory’s ‘‘Standard Clone C,’’ also tested 
by Ropsins and Bartiey (1) and Rogprns and Scumipr (2), and were in the 
304th passage at the beginning of the experiments. The control nutrient was 
the completely synthetic solution employed as standard since June 21, 1938. 
This nutrient regularly gives results identical with those obtained in the 
earlier yeast extract medium. It contains the six salts of a modified Uspenski 
solution, four accessory salts, 0.1 p.p.m. thiamin and 3 p.p.m. glycine, and 
2 per cent. Pfanstiehl ‘‘C. P. grade’’ sucrose. Its osmotic value is m= ca. 
1.5 atm. Four solutions were compared with this, all identical except for the 
carbohydrate. These were made up with (1) 2 per cent. commercial sugar 
bought in a local grocery ; (2) 2 per cent. Bureau of Standards specially puri- 
fied sucrose (6); (3) 2 per cent. Pfanstiehl ‘‘C. P. grade anhydrous’’ dex- 
trose as nearly identical with that used by Rospims and BartTuey and Ros- 
BINS and ScnmiptT as obtainable, and giving an osmotic value of m=ca. 3.0 
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atm. ; and (4) 1 per cent. Pfanstiehl ‘‘C. P. grade anhydrous’’ dextrose hav- 
ing an osmotic value the same as that of the sucrose solutions. Cultures were 
grown in the laboratory used for all of the writer’s work of the past six years, 
in diffuse daylight. Twenty cultures were grown in each solution, the ex- 
periments were carried through three passages, and the entire series was 
repeated once. The results of these 600 cultures are presented in table IT (see 


TABLE II 


RELATIVE GROWTH RATES OF EXCISED TOMATO ROOTS IN NUTRIENTS CONTAINING SUGARS OF 
VARIOUS SORTS, CONCENTRATIONS, AND DEGREES OF PURITY 





INCREMENT AS PERCENTAGE OF CONTROL 


SUGAR Pass AGE 
AVERAGE 
l 2 3 
Sucrose 
Pfanstiehl 
C. P. 2 per cent. 100 100 100 100 
Sucrose 
Bureau of Standards 
2 per cent. 115 95 120 110 
Sucrose 
Commercial 
2 per cent. 110 115 106 110 
Dextrose 
Pfanstiehl 
C. P. 1 per cent. 13 9 6 9 
Dextrose 
Pfanstiehl 
C. P. 2 per cent. 16 5 2 8 


also 6, figs. land 2). While growth in the three samples of sucrose was ex- 
cellent and did not differ significantly from the control nor diminish con- 
sistently from passage to passage, that in both concentrations of dextrose 
was extremely poor 





less than 10 per cent. of that in the control nutrient— 
and it decreased in 2 per cent. dextrose from 16 per cent. in the first passage 
to 2 per cent. in the third, and in 1 per cent. dextrose from 13 per cent. in the 
first passage to 6 per cent. in the third. 

The result of this experiment thus agrees with that obtained in 1933. 
Under the experimental conditions used as standard in this laboratory for the 
past six years, sucrose is superior to dextrose as a source of carbohydrate for 
excised tomato roots. Since the experiments were carried out with the same 


brand and quality of sugars and with the same strain of roots as were used 
by Rossrns and Bartiey (1) and Rossrns and ScuMuipr (2), the discrepancy 
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between the results of these authors and those here presented remains unex- 
plained. 
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KUNDT’S RULE 
G. MACKINNEY 


The writer recently found (2) an exception to Kundt’s rule, with di- 
chloroethane and acetone as solvents for chlorophyll. Eaue (1) objects to 
dichloroethane on the ground that pheophytin has been formed. The objec- 
tion cannot be sustained in the writer’s experiments for two reasons; first, 
that with this solvent, freshly purified and distilled, chlorophyll solutions are 
quite stable, and show negligible change after several hours if kept in the 
dark. The evidence, both chromatographic and spectroscopic, (3) is con- 
clusive against such a change. Second, had such a change occurred, it would 
have yielded a result predictable from Kundt’s rule, because the pheopytin 
maximum is at a slightly longer wave length than that of chlorophyll. 

The results in a series of solvents tested by Eau are in no way challenged, 
nor need the point be belabored, but for the assumption of some writers that 
it is permissible to extrapolate results with organic solvents and extracted 
chlorophyll, in order to predict the situation in the leaf. Fortunately, active 
interest in the chloroplastin complex will soon preclude the necessity for 
discussion of the rule. 


Division oF Fruit Propucts 
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NOTES 


New England Section.—The New England Section will hold its annual 
meeting at Dartmouth College, Hanover, New Hampshire, on May 10-11, 
1940. These meetings again will offer the opportunity for plant scientists 
in the area to participate in the programs of discussion and to add to their 
lists of friendships. Dr. Cuaries J. Lyon of Dartmouth will have charge 
of the arrangements. 

In addition to the papers to be presented on other subjects, several work- 
ers in the field of growth physiology will participate in a symposium on 
Growth Control in Trees. The flexibility of the program is such that groups 
readily form to discuss informally problems of common interest. 

The annual dinner will be followed by pictures and stories of life in the 
North Country. All plant physiologists in the New England states will be 
cordially welcome to share in the benefits and privileges of the meeting. 


Western Section.—The summer meeting of the American Society of 
Plant Physiologists and the meeting of the Western Section will be held at 
Seattle, Washington, from Tuesday, June 18, to Saturday, June 22, 1940. 
The program will inelude three symposia : 

1. Photosynthesis, jointly with the Botanical Society of America. 

2. Aquatic Botany, also jointly with the Botanical Society of America. 

3. Phosphate Nutrition, jointly with the Society of Soil Scientists. 

Three half-day sessions are reserved for the reading of short papers, and 
also one for papers having a bearing on horticulture, jointly with the Society 
for Horticultural Science. 

On Saturday, June 22, an excursion to the Oceanographic Laboratories 
of the University of Washington at Friday Harbor has been planned. This 
provides an excellent opportunity to see the beautiful San Juan Archipelago 
with its amazing growth of algae such as the large Nereocystis, in addition 
to the outstanding laboratories. 


Southeastern Section.—It is gratifying to be able to report that the 
Southeastern Section of the A.S.P.P. has completed its permanent organiza- 
tion. In a meeting held in connection with the Association of Southern 
Agricultural Workers at Birmingham, Alabama, on February 7, 1940, per- 
manent officers were elected for the year 1940-41. Dr. Cuam L. Wortey, 
the University of Georgia is chairman of the Section, and ex-officio member 
of the executive committee of the national organization; Mr. Davin D. Lona, 
Director of Agricultural Research of the International Agricultural Cor- 
poration, Atlanta, Georgia, was elected vice-chairman; and Dr. Tuomas J. 
Harroup, University of Georgia, was elected secretary-treasurer. These 
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officers will draw up a constitution and set of by-laws to be presented for 
consideration at the 1941 meeting. 

The Southeastern Section will continue its meetings with the Association 
of Southern Agricultural Workers annually in February. It has become 
affiliated with this Association, therefore, and at a later time will present 
a request for modification of its territorial limits to conform to that of the 
Association. This would require the addition of three or four states to the 
territory of the Section. 

A membership committee has been organized with Dr. Ggoraz M. Arm- 
STRONG, Clemson College, chairman. It seems certain that a larger member- 
ship in A.S.P.P. in the South will result from the activities of the Section. 
The 1940 meeting was attended by 14 men representing seven states, Virginia, 
North Carolina, South Carolina, Georgia, Alabama, Mississippi, and Louisi- 
ana. Three scientific papers were read, one on carotene and vitamin C by 
O. A. LEONARD; one on nutrient deficiencies in pine seedlings by L. J. Pesstn ; 
and one on Nielsen’s substance B by C. L. Wortey. Those in attendance 
were enthusiastic over the privileges and opportunities afforded by organiza- 
tion. We predict a very bright future for this Section. 


Changes in Proofs.—At the Columbus meeting the A.S.P.P. finally took 
official action on the matter of excessive changes made by authors in their 
proofs. Such changes may be defined as eliminations, additions, or changes 
in wording or punctuation not found in the original manuseript as submit- 
ted. It has been ascertained by statistical study that a change of 2 per cent. 
of the lines is an average change, actually achieved in some entire numbers 
of the journal. Any more than this will be considered excessive. 

The editor has been authorized to have the costs for excessive changes in 
the proofs added to the author’s bill for reprints. The charge is 12 cents per 
line. In administering this regulation, very simple rules are desirable. 
Authors will be allowed an average change of one line per page, which is just 
slightly more than 2 per cent. The printer’s records will be used to deter- 
mine how many lines have been changed ; and when the author’s line changes 
exceed one per page of printed text, the excess changes at 12 cents per line 
will be added to the bill for reprints. The majority of authors will find that 
this regulation causes them no extra expense. ‘The few who do not properly 
polish their manuscripts before submitting them, or who change their minds 
about interpretations before the papers can be printed, should pay for the 
extra work they demand. 


Corresponding Members.—Election of corresponding members to the 
American Society of Plant Physiologists is strictly limited. In order to 
provide complete information concerning the present roster of Corresponding 
Members, the list is printed in full, with date of election. 
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Freperick F’. BLAcKMAN, University of Cambridge, 1932. 

Gorruies HaBERLANDT, University of Berlin, 1934. 

Bouumit Némec, Charles University, Prague, 1935. 

Nicoual A. Maximov, Saratov, 1935. 

Henry H. Dixon, Trinity College, Dublin, 1937. 

ALFRED URSPRUNG, University of Freibourg, 1937. 

Sm JoHn Russet, Rothamsted Experimental Station, 1938. 

Three other great plant physiologists have been elected, but have died 
since election. These are: 

F. A. F. C. Went, University of Utrecht, 1932; deceased 1935. 

V. N. LusrmmMenko, Leningrad, 1934; deceased 1937. 

Hans Mouiscu, University of Vienna, 1935; deceased 1937. 


Program Committee.—The program committee for the seventeenth 
annual meeting at Philadelphia has been appointed by President Jonn W. 
Suive, as follows: 

Dr. J. T. Curtis, the University of Pennsylvania. 

Dr. W. R. Ropsins, New Jersey Agricultural Experiment Station. 

Dr. WiLuiAM SErIrriz, chairman, the University of Pennsylvania. 

With this able leadership, and with cooperation of all members of the 
Society it should be possible to make this meeting a memorable occasion. 
Those who wish to participate in the sessions can aid the committee very 
materially by early submission of titles. If there is sufficient demand for 
time on the program, parallel programs of non-competing subjects will be 
arranged. Suggestions from the members are always welcome. 


Frank Marion Andrews.— At the sixteenth annual meeting of the Ameri- 
can Society of Plant Physiologists it was voted to dedicate one of the numbers 
of Plant Physiology for 1940 to Dr. FranK Marton ANDREWs, who will cele- 
brate the seventieth anniversary of his birth on July 27, 1940. Dr. ANpREws 
was born at Vienna, a small village in Scott County, Indiana, on July 27, 
1870. He was educated in the public schools of Indiana, and after complet- 
ing his secondary education, he entered Indiana University, with which he 
has been identified for half a century. He received his A.B. degree at 
Indiana in 1894, and the A.M. in 1895. He became an assistant in botany 
at I. U. in 1894, a position he held until 1897, when he was given the rank 
of instructor. During his instructorship, 1897-1904, he took leave long 
enough to win his Ph.D. degree at Leipzig in 1902. He spent a summer at 
the Marine Biological Laboratory, Woods Hole, Massachusetts, in 1903. In 
1904 he was promoted to an assistant professorship, a position he held until 
1907. It was during this period that he met Miss Marte OpPeRMAN, a botany 
major at Indiana University, afterwards a student with Dr. Maraaret C. Frer- 
GUSON at Wellesley for an advanced degree. They were married on June 17, 
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1907. Dr. ANDREWS was promoted to an associate professorship in 1907, a 
rank which he held until 1922, when he was advanced to a professorship. 
This position he still holds, for he reaches the usual retiring age with one 
more year of service. It is unusual indeed for anyone to be identified with 
a single institution for so many years. 

As a teacher, Professor ANDREWs has an enviable reputation as one of the 
best on the I. U. campus. His class work was always well organized, and went 
along so smoothly that students accomplished a large amount of work without 
strain. The spirit of his class rooms and laboratories was one of jovial com- 
radeship in the work to be accomplished ; and students loved and respected 
his sensitive feeling for how much and how well the work should be done. 
They could not bear to fail him; work, spiced with good humor and pithy 
admonitions, was pleasure even in oppressively hot summer weather. Stu- 
dents learned much besides the regular prescribed work. 

His personality, his thorough knowledge of his subject and of other fields 
of interest, his unfailing sense of humor, his personal oversight of the prepa- 
ration for work, his kindly personal interest in all students, bright or other- 
wise, and his keen desire to see each one succeed, are the elements of his success 
as ateacher. A student would not need to be told more than onee that: ‘‘A 
college education for some, is a four-year attempt to keep from getting what 
one comes to college to get!’’ When the tension of work reached the danger 
point, a pleasant joke brought relaxation and renewed zest for labor. 

Professor ANDREWS belongs to numerous scientific organizations, was 
president of the Indiana University chapter of Sigma Xi in 1916, is a fellow 
in the Indiana Academy of Science, which organization he served as vice 
president in 1920, and president in 1921. He belongs to the Soe. Linn. de 
Lyon. His interest in the American Society of Plant Physiologists ever 
since its organization has been demonstrated in many services rendered. In 
1935 he was awarded the CHARLES REID BarNEs life membership in recogni- 
tion of his long and valuable service to plant physiology. In 1937 he demon- 
strated his abiding interest in the Society’s welfare by becoming one of its 
patrons at the Indianapolis meeting. In a way, the Society represents to 
him a dream come true, in what it is accomplishing for the welfare of plant 
physiology and plant physiologists. 

Among his priceless memories are the privileges of association with Dr. 
GEORGE J. PEIRCE, who was Assistant Professor at Indiana during the last 
two years of his assistantship in botany (’95—’97), and with the great leaders 
in Germany, Holland, and Italy during his European visits. After his degree 
had been awarded in 1902, he had visited Amsterdam in 1907, Leipzig in 
1907-1908, the Naples Station in 1908, and Strassburg in 1908-1909. He 
occupied the Smithsonian table at Naples. The inspiration of tireless men 
who aided him and supplied his needs for research during these ‘‘ Wander- 
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jahre’’ has lived in his heart and mind, and has helped to set the pattern of 
his life. More than a hundred contributions to the literature of plant 
physiology attest his devotion to research. 

That he lives the principles of democracy has been demonstrated in his 
recent illness. None have been too humble to remember him. People in 
all walks of life, those on relief, day laborers, and janitors, as well as pro- 
fessors and bankers, rich and poor, regardless of color, have united in sym- 
pathetic interest in his welfare. Such tribute comes to those whose lives bear 
the stamp of truly democratic ideals. 

The photographs reproduced in this issue of PLANT PHysioLoGy were pre- 
pared by the Shaw Studio, Bloomington, Indiana. The fireside portrait 
was enlarged from a smal! photograph taken by Mr. Swanson, a photographer 
of the U. S. Navy. We appreciate the opportunity and privilege of repro- 
ducing them. 

On behalf of the members of the American Society of Plant Physiologists, 
we extend congratulations and good wishes to Professor and Mrs. ANDREWS 
on the occasion of the seventieth birthday anniversary. We hope that all 
signs of ill health may vanish and that both may enjoy many more years 
together. 


Minor Elements.—The following announcement has been sent to Plant 
Physiology by Mr. Hersert C. Brewer, Director of the Chilean Nitrate 
Educational Bureau, Inc., 120 Broadway, New York City. 

‘The third edition of the Bibliography of References to the Literature 
on the Minor Elements, published Feb. 1, 1939, contained 4,628 abstracts 
and references, in a volume of 488 pages.’’ 

‘‘Owing to its size, it is not practical to continue publication of complete 
editions of the bibliography, especially since the volume of material becoming 
available makes it desirable to publish more frequently. Accordingly Sup- 
plement No. 1 to be published shortly will contain about 700 abstracts and 
references, noted since publication of the third edition.”’ 

‘It is planned hereafter to publish supplements at intervals of approxi- 
imately one year.’’ 

‘*A botanical index is now available for the third edition, and is also 
being included in the supplement.’’ 

It is unnecessary to emphasize the importance of this announcement, or 
of the service rendered to plant physiologists and to agriculture generally by 
this program of publishing annual supplements to this important Bibliogra- 
phy. Every member of the American Society of Plant Physiologists should 
avail himself of the opportunity to obtain these supplements as they appear. 
The botanical index will add immensely to the value of the third edition. 
The inauguration of this high grade service to scientists reflects great credit 


upon the Bureau and its Director. 
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